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ABSTRACT
This study investigated the anatomy the ringed seal (Phoca hispida) cardiovascular
system (heart and large vessels) and lower respiratory tract (lung), as well as the topographic
anatomy of the seal abdomen.
The ringed seal heart is dorsoventrally flattened, with each ventricle residing on
its respective side within the thoracic cage. The heart lies horizontal, parallel to the
sternum. The right ventricle is long, spacious and thin walled. The right coronary artery
continues as the subsinuosal interventricular branch, making it different from domestic
carnivores.
The aortic bulb is a large structure in comparison to the equivalent structure in
terrestrial mammals, which is hardly noticeable. It lies in contact with the cranioventral
aspect of the thoracic cavity. The aortic arch gives rise to three major blood vessels;
brachiocephalic trunk, left common carotid and left subclavian artery. The paired caudal
vena cavae continue the pelvic venous plexus as paired vessels through the caudal
abdominal cavity. At the level of the third lumbar vertebral body the two separate limbs
converge into a single vena cava. Soon after this junction as the hepatic veins join the
vena cava, they expand into a large hepatic sinus. As the caudal vena cava passes through
the diaphragm, muscle fibers of the diaphragm form a caval sphincter. The azygos veins
are paired and join into a common trunk before emptying into the cranial vena cava as it
enters the right atrium. Intercostal arteries perforate the right azygos vein. There are also
communications between left and right azygos veins via short anastomosing branches.
The pericardial venous plexus is present in the mediastinal pleura as a loop encompassing
the apex of the heart. It is comprised of convoluted veins that eventually drain into the
iv

caudal vena cava as a single trunk. Pulmonary arteries are paired vessels that divide into
caudal and cranial branches at the level of the principal bronchi. Three common
pulmonary veins drain the lung lobes into the left atrium.
The lungs are subdivided into seven lung lobes. The right lung is divided into cranial,
middle, caudal and accessory lung lobes. The left lung is divided into cranial,
middle and caudal lobes. The pulmonary trunk upon reaching the atrial face of the heart
divides into the left and right pulmonary arteries that lie adjacent to and follow the
dichotomy of the bronchial tree. Three common pulmonary veins are formed by merging
of the lobar veins. The common left and right veins drain their respective cranial and
middle lobes while the caudal common vein drains both left and right caudal lobes and
the accessory lobe. The ringed seal has three major tracheobronchial lymph nodes.
Microscopically, the lungs are characterized by a thick subpleural collagenous
interstitial tissue, which sends septa deep into the lung parenchyma, thus subdividing the
lung lobes into lobules. Segmental bronchi, exhibit a strong elastic fibrous support that is
clustered into dense bundles. The bronchial gland duct system of the segmental bronchi is
lined with pseudostratified ciliated columnar epithelium with goblet cells. Cartilage support
for the bronchial tree extends as far distal as the respiratory bronchiole. Occasionally,
respiratory bronchioles have a smooth muscle enhancements at their junction with alveolar
ducts. Bronchioles are lined with cuboidal to columnar epithelium. Frequently, bronchioles
and respiratory bronchioles have venules covered with squamous epithelium protruding into
their lumen.
The ringed seal has the cupula of the diaphragm extending cranially to the level of
the ninth thoracic vertebra, and is predominantly occupied by the liver. The liver extends
v

caudally to the level of the 15th thoracic vertebra. The gall bladder is located at the level
of the 12th thoracic vertebra. The cardia of the U-shaped stomach is located at the
13ththoracic vertebra. The body extends caudally and bends back on itself at the level of
the first lumbar vertebra, as the major curvature. The pylorus is located at the level of the
12th thoracic vertebra. The spleen is located on the left side, lying between the liver and
cardia of the stomach, extending from the level of the 14th thoracic to the second lumbar
vertebrae. When viewing CT scans just medial to the spleen’s dorsal border, the
silhouette of the pancreas can be identified. The kidneys extend from the level of the
second to the fifth lumbar vertebra. The cranial extremity of the right kidney is located
more cranial than that of the left kidney.
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PART I
INTRODUCTION

1

Seals (Phoca, Greek) have long attracted the imagination of people even since the
classical Hellenistic times. Aristotle was intrigued by the peculiar anatomical structure of
the seal kidney (Bonner, 1994). Seal anatomy has been described by many authors
throughout history, but the reports are fragmented and inconsistent.
In the twentieth century, additional interest was sparked due to the keen interest in
the seal’s ability to dive and its resistance to nitrogen narcosis and decompression
disease, which so adversely affects humans. In addition, technological advances helped in
the assessment of the peculiar anatomy and physiology of the seal as these studies
became more precise. Hence, interesting knowledge of seal anatomy and physiology was
discovered.
At the end of the twentieth century, seals again captivated scientific interest, as
they became an indicator species of the health of the marine ecosystem. Notably, ocean
pollution that jeopardized the integrity of marine ecosystems was directly reflected in the
seal (Kuhlein et al., 1995; Kostamo et al., 2000; Kleivane et al., 2000; Bang et al., 2001;
Bjerregaard et al., 2001). Seals are a target organism for the biomagnification of toxic
waste compounds now increasingly found in marine ecosystems.
Some indigenous human populations in arctic regions continue to depend heavily
on seals as a major food source. The subject of this study, the ringed seal (Phoca
hispida), is in fact the most common seal species in the northern hemisphere and as such
the most intensely hunted. The health of the ringed seal will have direct implications on
the health of indigenous human populations in the arctic regions. The ringed seal’s
anatomy was mentioned in a few studies and more commonly as general information
when compared with other seal species (Zhedenov, 1954; Sokolov et al., 1971; Drabek
2

1977). Only two anatomical references were found discussing ringed seal anatomy,
exclusively (Munckacsi and Newstead, 1985; Newstead and Munkacsi, 1986).
The majority of research articles involving the ringed seal are focused on
physiological studies. Cardiovascular and respiratory function during deep diving has
received much attention by the scientific community (Scholander, 1940; Elsner et al.,
1964; Elsner et al., 1971; Blix and Hol, 1973; Kooyman, 1973; Tarasoff and Kooyman,
1973; Blix et al., 1983; Thompson and Fedak, 1993; Thornton et al., 2001). Only a small
body of work exists on cardiovascular and respiratory anatomy of different seal species
(Zhedenov, 1954; Pizey, 1954; Sokolov et al., 1971; Boyd, 1975; Drabek, 1977; Welsch
and Drescher, 1982; Drabek and Kooyman, 1984), consequently, interspecies differences
have been poorly addressed. Within this small body of knowledge there are significant
discrepancies even among the descriptions of the same species (Boshier and Hill, 1974;
Boyd, 1975).
Because of their vast numbers, the ringed seal is the most important arctic seal
species from both the ecological and human sustenance aspect. Therefore it is important
to document the major cardiovascular and respiratory characteristics of this species as a
foundation for any future research involving the ringed seal. The results of this study will
demonstrate normal ringed seal anatomical characteristics and surprisingly some peculiar
characteristics never before described in seals.

3
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PART II
REVIEW OF LITERATURE

7

Most literature concerning seal anatomy was predominantly generated throughout
the twentieth century. There were scattered reports published in the nineteenth century.
However, some of the peculiar anatomy of the seal was mentioned even by classical
Greek authors such as Aristotle.

Heart:
The most prominent feature of the seal heart is its dorsoventrally flattened
character (Drabek, 1975; Drabek, 1977; Bisaillon, 1982; van Nie, 1982). Various
references give insight into the cardiac anatomy of a few seal species: crabeater, Ross,
leopard and Weddell seal (Drabek, 1975); crabeater, Ross, leopard, Weddell, ringed and
common seals (Drabek, 1977); harp seal (Bisaillon, 1982) and common seal (van Nie,
1982). A thin-walled, long, capacious right ventricle was observed in the sea lion (Murie,
1874), Weddell seal (Drabek, 1975) and harp seal (Bisaillon, 1982). Physiologists have
noted a peculiar cardiac physiology in which right ventricular dilatation in the harp seal
can be equated with severe heart failure in terrestrial mammals (Blix and Hol, 1973).
Drabek (1977) and Bisaillon (1982) reported that the apex of the heart in harp seal is
formed from both ventricles. In sirenians (manatees and dugongs) a double ventricular
apex of the heart is also reported (Rowlatt and Marsh, 1985). The broader hearts of
pinnipeds compared to their terrestrial counterparts was observed by (Drabek, 1975;
Drabek, 1977; Bisaillon, 1982). A shallow paraconal groove was noticed in the harp seal
(Bisaillon, 1982) and the sea lion heart (Murie, 1874). Cetaceans on the contrary have
more pronounced interventricular grooves as described in the minke whale (Rowlatt,
1981) and the beluga (Bisaillon et al., 1987), while sirenians have deep interventricular
8

grooves (Rowlatt and Marsh, 1985). Even though the anatomical references on the seal
heart anatomy are scarce, the physiological heart references are quite numerous,
including the references describing the resistance of the seal coronary artery blood flow
to ischemia in harbor seals. (Kjekshus et al., 1982; Elsner et al., 1985).

Major blood vessels associated with the heart:
The aortic arch in the seal, as in man and higher primates, gives rise to three
major blood vessels: the brachiocephalic trunk, the left common carotid artery and the
left subclavian artery (Swindler, 1973; van Nie, 1982; King, 1983). Cetaceans closely
resemble the pattern seen in seal and man (Ochrymowoch and Lambertsen, 1984). In
Neophoca seals the left common carotid artery arises from the brachiocephalic trunk
(King, 1983). Many authors listed the aortic bulb as a prominent structure of the
ascending aorta in diving seals (Drabek, 1975; Drabek, 1977; King, 1977; Rhode et al.,
1986.) The aortic bulb has been identified in various whales: in the minke whale
(Ochrymowich and Lambertsen, 1984), fin whale (Gosline and Shadwick, 1994) and
sperm whale (Melnikov, 1997). Drabek (1977) gave morphometric measurements of the
seal aortic bulb (Weddell, leopard, Ross and crabeater seal) concluding that the deepest
diving seals have a comparatively larger aortic bulb. Functional aspects of the aortic bulb
were discussed by Rhode and colleagues (1986). They found that the aortic bulb in seals
has greater distensibility than the equivalent structure in terrestrial mammals and it can
accommodate three times the normal stroke volume, hence maintaining normal blood
pressure during diving when severe bradycardia occurs. Harrison and Tomlinson (1956)
described the caval sphincter in the common seal (Phoca vitulina), which was then
9

described in more detail by George and Roland (1975). The pericardial venous plexus
was reported as an unique feature of pinnipeds (Harrison and Tomlinson, 1956; King,
1977). Paired caudal vena cavae were reported in seals: common, Weddell, crabeater
(Tomlinson and Harrison, 1953); common seal (Phoca vitulina) (Harrison and
Tomlinson, 1956) and in most pinnipedia (Barnett et al., 1958). The hepatic sinus was
described as a dilatation of the hepatic veins just caudal to the lobes of the liver
(Tomlinson and Harrison, 1953; Harrison and Tomlinson, 1956; Barnett et al., 1958;
King, 1977). Barnett et al., (1958) suggested the hepatic sinus is not present in all marine
mammals. King (1977) stated that in otariids the hepatic sinus is hardly present at birth,
but later in life increases in size. Elsner and coworkers (1964) observed a higher oxygen
content in hepatic sinus blood than in arterial blood during diving. Based on Elsner’s
work, function of the hepatic sinus was studied extensively by Thornton and coworkers
(2001). They found a functional interdependence between splenic contraction and filling
of the hepatic sinus during deep diving.
Some authors (Harrison and Tomlinson, 1956; Barnett et al., 1958; King, 1977)
stated that phocids exhibit paired azygos veins (left and right), which unite into a
common trunk, shortly before emptying into the cranial vena cava. They also reported
that the right azygos vein is the larger of the two.

Lower respiratory system:
The macroscopic structure of the trachea is well documented in the ringed seal.
Sokolov et al. (1971) reported that the trachea of the ringed seal is comprised of 87 (7299) rings of which the cranial cervical rings are complete. Frost and Lowry (1981)
10

reported 15 (10-19) complete rings in the ringed seal and the rest are incomplete with
overlapping tips. Sokolov and coworkers (1971) mention a rounded trachea. Sokolov et
al. (1971) observed 70 tracheal rings in the bearded seal which varied in shape, from
flattened in the middle portion to rounded at either end. The cervical portion of the
trachea of the Weddell seal is flattened while the thoracic portion is rounded (Boshier and
Hill, 1974).
The lungs of the ringed seal are longer and heavier than in land carnivores of
similar body weight (cheetah, jaguar, leopard), and the diaphragm is slanted more
horizontally (Scheffer, 1958). Lungs of North Pacific pinnipeds exhibit a varied degree of
lobation. The lobated lungs in the ringed seal closely resemble lungs of the bearded seal
(Sokolov et al., 1971; Frost and Lowry, 1981), which is distinctly different from the
unlobated lung of the Caspian seal (Phoca caspiaca) (Frost and Lowry, 1981). Zhedenov
(1954) reported no traces of lobation in the ringed seal. The lungs of the Bowhead whale
show no external traces of lobation (Henry et al., 1983) revealing the common pattern in
cetacea. Tarasoff and Kooyman (1973) described the lungs of the harp seal and noted that
the left lung is larger and heavier.
The dichotomy of the bronchial tree with a major incongruence in the common
seal (Phoca vitulina) is reported by Hojo (1975) and Nakakuki (1993). Boshier and Hill
(1974) reported short principal bronchi in the Weddell seal with an irregular dichotomy
of the bronchial tree. Tarasoff and Kooyman (1973) described the bronchial tree in harp
seals. Henry et al. (1983) observed lobar bronchi in both the left and right lobes of the
bowhead whale lungs and an irregular dichotomy of the segmental bronchi.
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The microscopic structure of the seal lung has been described by many authors
(Belanger, 1940; King and Harrison, 1961; Harrison and Tomlinson, 1963; Denison et
al., 1971; Simpson and Gardner, 1972; Denison and Kooyman, 1973; Kooyman, 1973;
Boshier and Hill, 1974; Boshier, 1974; Boyd, 1975; Kooyman and Sinnett, 1979; Frost
and Lowry, 1981; Welsch and Drescher, 1982; Drabek and Kooyman, 1984). In domestic
species, the cartilaginous support disappears distally within the bronchial tree (Dellmann
and Brown, 1981; Banks, 1993). Marine mammals have cartilage support distally into the
bronchiolar system (Harrison and Tomlinson, 1963; Denison et al., 1971; Simpson and
Gardner, 1972; Kooyman, 1973; Boshier, 1974; Kooyman and Sinnett, 1979; King, 1983;
Drabek and Kooyman, 1984). Denison and Kooyman (1973) showed that phocids do not
have cartilage in terminal airways. Some form of a poorly defined smooth muscle valve
is found in the distal airways of Weddell, harp, common, elephant, harbor and Hawaiian
monk seals (Belanger, 1940; Pizey, 1954; King and Harrison, 1961; Harrison and
Tomlinson, 1963; Boshier and Hill, 1974; Boshier, 1974; Welsch and Drescher, 1982).
Contrary to the ill-defined smooth muscle valves in seals, Wislocki (1929) reported
distinct smooth muscle valves (sphincters) in the porpoise (Tursiops truncatus). In
general, smaller cetaceans (dolphins and porpoises) have smooth muscle sphincters in
their terminal airways (Wislocki, 1929; Wislocki, 1942; Ito et al., 1967; Fanning and
Harrison, 1974). Large cetacea lack these myo-elastic sphincters in their terminal airways
(Belanger, 1940; Wislocki and Belanger, 1940; Goudappel and Slijeper, 1958; Simpson
and Gardner, 1972). Instead they have an increased smooth muscle and elastic content in
the alveolar walls and knobs.
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Boshier and Hill (1974) stated that bronchioles of the Weddell seal do not contain
goblet cells or ciliated cells. Welsch and Schumacher (1988) state that the tracheobronchial tree of the Weddell seal produces less mucins. Simpson and Gardner (1972)
report the presence of goblet calls, mucous glands and lymphatic accumulations in
pinniped bronchi. Thick septa dividing lung tissue into lobules were documented in the
Weddell seal and other pinnipeds (Simpson and Gardner, 1972; Boshier and Hill, 1974;
Welsch and Drescher, 1982).
Seals have short respiratory bronchioles and long alveolar ducts whose entrance is
comprised of myo-elastic bundles (Belanger, 1940; Simpson and Gardner, 1972). Cetacea
have a thickened alveolar wall of elastic connective tissue and a double capillary system
(Simpson and Gardner, 1972).

Computed tomography assessment of the abdomen:
Endo et al. (1999) was the only reference found which used computed
tomography (CT) to document anatomy of the seal. He used CT to study the prominent
orbital enlargement in Baikal seals. CT was also used in physiological studies in gray
and harbor seals (Nordoy and Blix, 1985; Ponganis et al., 1992). Thornton and coworkers
(2001) used magnetic resonance as an imaging tool to establish the functional
interdependence between the spleen and hepatic sinus in elephant seals. Estman and
Coalson (1974) reported that the stomach of the seal was bent with the pylorus bending
cranially along the body. Barnett and coworkers (1958) and Harrison and Tomlinson
(1956) gave insight into the peculiar venous system in the seal abdomen. Munkacsi
13

(1985) described the venous drainage of the ringed seal kidneys (Phoca hispida). Barnett
and coworkers (1958) and Harrison and Tomlinson (1956) also remarked on the seal
kidney venous drainage system.
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PART III
MATERIALS AND METHODS
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The ringed seals used in this investigation were obtained from Barrow, Alaska
after having been collected by indigenous Eskimos during their summer hunting season.
Ten seals were provided for this project: two adult females, three adult males, two fetuses
and two juvenile males. The following is the list of seals, their identification numbers
and procedures performed on them. Seal: 1. #RS-B-12-27-92A - pregnant female; 2.
#RS-B-12-27-92AF - fetus of previous female; 3. #RS-B-11-14-92AF - fetus; 4. #RS-B11-14-92B -adult male, trachea & lung; 5. #RS-B-2-1-90A - male (CT-scanned thorax
and abdomen, heart plastinated); 6. #RS-B-1-28-90 juvenile male, CT-scanned thorax; 7.
#RS-B2-1-90B female, CT scanned; 8. #RS-B-3-4-91 male, CT-scanned thorax and
abdomen, plastinated heart and abdominal slices; #9. A maturing juvenile seal, with no
ID number -tracheobronchial and vascular cast; #10. lungs and trachea removed and
embalmed prior to shipment for microscopic evaluation. The specimens were frozen or
fixed and transported to The University of Tennessee, College of Veterinary Medicine,
Knoxville.
Upon arrival, they were thawed and either: 1.a. Dissected and organs collected
and submerged in 5% formalin and stored for further dissection; b. Partially dissected, the
vascular system injected with silastic E-RTV or latex, structures removed after hardening
of the injection medium, and fixed in formalin or utilized fresh; 2. CT scans taken,
vessels injected with red or blue latex, and prepared for transverse sections to be made on
a band saw and plastinated; 3. Injected with 50 ml of Conray 400 via the right carotid
artery, regional radiographs taken, vessels injected with red or blue latex, and finally
dissected and fixed in 5% formalin or 4. Silastic E-RTV injected via the medial
saphenous vein, submerged in 5% formalin and dissected after hardening of the RTV.
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The hearts and aortas of three specimens were further preserved using standard
plastination techniques (Henry, 1987; von Hagens et al., 1987; Henry and Nel, 1993;
Weiglein and Henry, 1993).
In order to macroscopically access the lower respiratory tract and the heart,
incisions were made at the lateral most extremities of the thoracic cage extending from
the first to the last rib on each side. A transverse cut was made immediately cranial to the
thoracic inlet effectively transecting the trachea and major blood vessels. The ribs were
transected at their most lateral aspect approximately at their midpoint. The ventral part of
the cervical region and ventral floor of the thoracic cavity was then reflected caudally
exposing the contents of the thoracic cavity. Pictures of the lungs and heart were taken in
situ as well as after excision of the heart and lungs. Prior to removal of the heart, the
pericardial sac was opened. The heart was removed by making a semicircular incision at
the point where the pulmonary veins empty into the left atrium. The incision was
continued cranially to transect the pulmonary arteries. The caval veins where transected 2
cm from the heart. The descending aorta, brachiocephalic trunk, left common carotid and
left subclavian arteries were transected, hence detaching the heart from the animal. After
the pulmonary ligaments were transected from the caudal lung lobes, the lungs were
removed from the thoracic cavity. To view the venous structures in the abdominal cavity,
the abdominal musculature was transected using a semicircular incision at the level of the
costal arch. From the angle between the costal arch and the lumbar vertebra, two
incisions proceeded towards the pelvic cavity. The abdominal wall was reflected caudally
exposing the abdominal viscera.
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On three excised lung sets, tracheobronchial casting was performed (Henry, 1992a,
1992b). A rubber cannula was inserted into the tracheal lumen and ligated in place. The
lungs were inflated by attaching the rubber cannula to compressed air and air-dried.
Following air-drying, approximately 300 ml of RTV silicone (Silicone Inc. P.O., Box
363, 21 Woodbine, High Point, NC, 27261) was injected with a 60 cc syringe into the
tracheobronchial tree and left 24 hours to harden. Following hardening, the lung tissue
was macerated in boiling water after which the freed cast was cleansed by immersion in a
10% hydrogen peroxide solution.
On one specimen, a silicone venous cast was produced by injecting silicone into
the right saphenous vein to enhance visualization of the caval veins, hepatic sinus and
pericapsular renal plexus. A cannula was placed into the right saphenous vein and ligated
in place. Prior to the silicone injection, the blood vessels were rinsed with tap water.
After injection, specimen was left two days to allow the silicone to harden.
Additionally, silicone casts of the tracheobronchial tree, great vessels and heart
chambers were produced from another specimen (Henry, 1992b; Henry et al., 1998).
Cannulas were placed into the trachea, cranial vena cava, caudal vena cava, left auricle
and abdominal aorta and subsequently ligated in place. The seal was injected with
approximately 1500 ml of blue RTV silicone via the cannulated cranial vena cava until
silicone was visualized and filled the limbs of the caudal vena cava. Approximately 400
ml of red RTV silicone was injected into the arterial system via the left auricle and
abdominal aorta. The lungs were inflated using compressed air. After the silicone had
hardened (24 hours), the lungs were removed and dried. After the lungs were dry, the
tracheobronchial silicone cast was prepared by injecting white RTV silicone into the
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cannulated trachea. The seal was left at 4 °C for two days to allow curing of the silicone.
The tracheobronchial vascular cast was cleaned by maceration in boiling water, rinsing in
tap water and soaking in 10 % hydrogen peroxide.
The hearts of three specimens were excised upon initial dissection in preparation
for plastination. They were dilated with water and then dilated with 10% neutral buffered
formalin (NBF). Later, the hearts were dissected and prepared for dehydration in cold
(- 25 °C) 100 % acetone. Subsequent to complete dehydration, the hearts were immersed
in silicone polymer in a vacuum chamber to begin impregnation of the silicone polymer.
After a completed impregnation, the heart were drained of excess polymer and exposed to
hardener to polymerize the silicone (Henry and Nel, 1993; Weiglein and Henry, 1993).
The lungs of one specimen were removed at the Alaskan seal harvest site. After
excision, the lungs were cannulated and filled with 10 % neutral buffered formalin until
the trachea remained full. The trachea was then ligated and the lungs submerged in 10 %
NBF. Twenty four hours later, four tissue samples were taken from all lung lobes. In
addition, samples where taken from the trachea and both principal and lobar bronchi.
Subsequently, the samples were trimmed, embedded in paraffin blocks and sectioned
with a microtome. Random sections were taken throughout the block and stained with
Hematoxylin & Eosin, Acid Orcein Giemsa, Masson’s Trichrome, Periodic acid-Schiff or
Alcian blue stain. When longitudinal and transverse airway sections were observed, serial
sections were collected for three-dimensional reconstruction. Images of relevant
structures were taken for documentation with an Olympus camera. Film was developed
and scanned as an electronic file. Measurements of airways were made using a calibrated
ocular micrometer and BioQuant image analysis software. In order to compare elastic
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fiber content of the seal trachea to a terrestrial mammal, dog lungs were similarly
prepared from a donated recently euthanized animal.
The abdominal cavity of specimen #RS-B-3-4-91 was serially scanned using a 4th
generation CT-scanner with the animal placed in sternal recumbency. Sequential
transverse images of the abdomen were acquired using 10 mm collimation and 10 mm
table movements form the level of C2 through L5. Images were formatted in a variety of
levels and window settings to accentuate both the lung and soft tissue structures of the
neck, thorax and abdomen. Following scanning, the seal’s blood vessels were injected
with RTV silicone. The blue RTV silicone was injected through the right saphenus vein,
whereas the red RTV silicone was injected through the right common carotid artery.
Subsequently, the seal was refrozen and its abdomen was sectioned into four cm thick
slices. Slices were separated by grids and additionally fixed in 10% formalin for 1 week.
Formalin was then rinsed from the slices with running tap water. The slices were
dehydrated in cold acetone and plastinated using the standard cold temperature silicone
plastination technique. After plastination, some of these slices were cut again into thinner
slices to more closely correlate with a CT scan. Slices were used to facilitate accurate
identification of the anatomical structures seen on the CT-scans. Additionally, another
seal was scanned with its abdominal wall removed to better visualize the position of the
kidneys.
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PART IV
MACROSCOPIC ANATOMY OF THE GREAT VESSELS AND STRUCTURES
ASSOCIATED WITH THE HEART OF THE RINGED SEAL (PHOCA HISPIDA)
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This part is yet to be submitted for publication in 2004 by Hrvoje Smodlaka, Robert B.
Reed, Robert W. Henry.
My primary contributions to this paper include: (1) most of the writing (2) labeling of the
images (3) performing the literature search (4) performing the dissection and performing
part of embalming procedures.

Abstract:
The ringed seal (Phoca hispida), as well as other seals, exhibit some unique
anatomical properties when compared to their terrestrial counterparts. In the ringed seal,
the most conspicuous adaptation is the aortic bulb, a large dilatation of the ascending
aorta, which is comparable to that found in other seal species and marine mammals. The
branches of the ascending aorta (brachiocephalic trunk, left common carotid artery and
left subclavian artery) are similar to those of higher primates and man. The peculiarities
of the venous system are; three pulmonary veins, a pericardial venous plexus, a caval
sphincter, a hepatic sinus with paired caudal vena cavae and a large extradural venous
system. Generally, three pulmonary veins (right, left, caudal) empty into the left atrium.
The pericardial venous plexus lies on the pericardial pleura on the auricular (ventral)
surface the heart. The caval sphincter surrounds the caudal vena cava as it passes through
the diaphragm. Caudal to the diaphragm, the vena cava is dilated (the hepatic sinus) and
near the kidneys it is biphid. The azygos vein is formed from the union of the right and
left azygos veins at the level of the 5th thoracic vertebra. Cardiovascular physiological
studies have shown some of these anatomical variations, especially of the venous system
and the ascending aorta, to be modifications for diving. This investigation documents the
large blood vessels associated with the heart and related structures in the ringed seal.
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Introduction:
The body of anatomical research on seal vasculature is focused on identification
of the common existing patterns among seals however, species differences are poorly
documented. The large blood vessels branching from the heart and those converging
towards the heart have been described in some seal species (Harrison and Tomlinson,
1956; Barnett et al., 1958; Tomlinson, 1964; Drabek, 1975; Drabek, 1977; King, 1977;
Rommel et al., 1995). King (1977) described the major blood vessels in sea lions stating
the differences and similarities between Neophoca and Phocarctos sea lions with
additional comments on the phocid vascular system. Drabek (1975, 1977) preformed
comprehensive comparative and morphometric studies of seal aortae describing the aortic
bulb. He concluded that the size of the aortic bulb is directly related to diving depth for
the various seal species. Rhode and coworkers (1986) addressed the possible mechanical
and functional implications of the large aortic bulb in seals. Other anatomical studies
focused on the unique anatomy of the abdominal and vertebral venous systems (Harrison
and Tomlinson, 1956; Barnett et al., 1958; Tomlinson, 1964; Rommel et al., 1995). In
addition, physiology of the seal’s venous system has been the point of interest of many
physiological studies conducted on seals (Elsner et al., 1971; Hol et al., 1975;
Nordgarden et al., 2000; Thornton et al., 2001).
This study describes the gross anatomical characteristics of the ringed seal’s
major blood vessels associated with heart, together with adjacent soft tissue structures
using the terminology of veterinary anatomical nomenclature.
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Materials and methods:
Five ringed seals harvested for subsistence purposes by Eskimo Hunters, North
Slope Borough, Department of Wildlife Management, Barrow, Alaska were frozen and
shipped to Knoxville. Upon arrival, they were thawed and either: 1.a. Dissected and
organs collected and submerged in 5% formalin and stored for further dissection; b.
Partially dissected, the vascular system injected with silastic E-RTV or latex, organs
removed after hardening of the injection medium, and fixed in formalin or utilized fresh;
or 2. CT scans taken, vessels injected with red or blue latex, and prepared for transverse
sections to be made on a band saw and plastinated; or 3. Injected with 50 ml of Conray
400 via the right carotid artery, regional radiographs taken, vessels injected with red or
blue latex, and finally dissected and fixed in 5% formalin; or 4. Silastic E-RTV injected
via the medial saphenous vein, submerged in 5% formalin and dissected after hardening
of the RTV. Drawings of the heart and great blood vessels were created for
documentation and three-dimensional arrangement. The hearts and aortas of three
specimens were further preserved using standard plastination techniques [Henry, 1987;
von Hagens, 1987; Henry et al., 1998).

Results:
Aorta
The ascending aorta originates from the left ventricle and courses slightly to the
right in a cranial direction. It is bounded ventrally by the pulmonary trunk, conus
arteriosus and auricle of the right atrium and dorsally by the cranial vena cava (Fig. 1,
figures are placed in the appendix). Just cranial to the aortic valves, the aorta gives off
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left and right coronary arteries before passing medial to the pulmonary trunk to occupy a
major portion of the right ventral cranial mediastinal space (Figs. 2, 3). In the cranial
mediastinum, the ascending aorta expands into the prominently dilated aortic bulb. The
aortic bulb is located to the right of midline, medial to the first three intercostal spaces
(Figs. 1, 3, 4). Past the aortic bulb, the aorta narrows and curves to the left as the aortic
arch. The first branch to leave the aortic arch is the brachiocephalic trunk which arises
from the cranial aspect of the arch, near the midline of the seal (Figs. 1, 2, 3, 4). The
brachiocephalic trunk subsequently gives rise to the right subclavian artery and the right
common carotid artery (Fig. 3). After giving rise to the brachiocephalic trunk, the aortic
arch inclines dorsally and to the left to give off two branches: the left common carotid
artery and the left subclavian artery (Fig. 3). These vessels arise from the cranial aspect
of the aortic arch. After dispatching these two vessels, the aorta inclines dorsally as the
descending aorta (Figs. 2, 3, 5). The descending aorta gives rise to nine pairs of dorsal
intercostal arteries as it passes caudally through the thoracic cavity (Fig. 5). Aortic and
cranial mediastinal lymph nodes lie along the cranial aspect of the aortic arch adjacent to
the origins of the three vessels originating from the arch. At the origin of the descending
aorta, the ligamentum arteriosum connects the aorta to the pulmonary trunk. The left
vagus nerve crosses the aorta ventrally at this point. The left tracheobronchial lymph
node is closely associated with the descending aorta, pulmonary trunk and ligamentum
arteriosum.
The bronchoesophageal artery originates from the cranial aspect of the aortic arch
at the base of the left common carotid artery or arises directly from the base of the left
common carotid artery (Fig. 1). It courses to the hilus of the lung and divides into
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esophageal and bronchial vessels. The bronchial branches course with the branching
bronchial tree.

Coronary arteries and veins
Right and left coronary arteries originate from the right and left aortic sinuses
respectively, cradled by their respective semilunar valves. The right coronary artery
courses to the right within the coronary groove, bending dorsally around the right auricle
to reach the atrial surface of the heart (Figs. 2, 3, 6) where it descends caudally in the
subsinuosal groove as the subsinuosal branch of the right coronary artery (Figs. 3, 6). The
left coronary artery courses to the left from its origin deep within the coronary groove
and divides into circumflex and paraconal interventricular branches. The circumflex
branch bends dorsally around the lateral margin of the left atrium, reaching the atrial
surface of the heart to join the right coronary artery at the subsinuosal groove (Figs. 2, 7).
The paraconal interventricular branch courses caudally within the paraconal
interventricular groove to the apex of the heart and turns dorsally into the caudal aspect
of the subsinuosal interventricular grove (Figs. 2, 4, 7). The great cardiac vein
commences near the apex of the heart in the subsinuosal interventricular groove (Fig. 4).
It travels caudally and bends ventrocranially into the paraconal interventricular groove
(Fig. 4). It continues cranially toward the coronary groove and turns to the left in the
company of the circumflex branch of the left coronary artery. Upon reaching the atrial
face of the heart, it expands into the coronary sinus (Fig. 6) prior to emptying into the
right atrium just ventral to the opening of the caudal vena cava. The middle cardiac vein
commences in the subsinuosal groove near the apex of the heart and courses cranially to
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empty into the coronary sinus near its opening into the right atrium. Anastomoses
between the middle cardiac vein and great cardiac vein are present near their origin.

Pulmonary Veins
The pulmonary lobar veins originate within the lung parenchyma and exit at the
hilus, coursing cranioventrally towards the left atrium. As they angle toward the left
atrium, these veins coalesce into three common pulmonary veins that course between the
left ventricle ventrally and the pulmonary arteries dorsocranially. The right and left
common pulmonary veins drain the cranial and middle lung lobes of their respective
sides (Figs. 8, 9, 10). The caudal common pulmonary vein drains both caudal lung lobes
and the accessory lobe of the right lung (Fig. 10).

Pulmonary Trunk
The pulmonary trunk originates from the conus arteriosus of the right ventricle
near the ventral midline (Figs. 1, 4). It lies on the ventral wall of the thoracic cavity, at
the level of the third intercostal space, between the left and right auricles. It initially
courses in a craniodorsal direction before curving dorsocaudally to reach the dorsal
surface of the base of the heart where it is located between the cranial vena cava on the
right, descending aorta cranially and left atrium on the left and caudally. Here, the
pulmonary trunk gives rise to right and left pulmonary arteries (Fig. 9). These short
vessels are directed toward the respective hilus of their ipsilateral lung. The right
pulmonary artery divides into cranial and caudal branches with the cranial branch
coursing just cranial to the right principal bronchus. The caudal branch courses laterally
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to the principal bronchus and dorsal to the right common pulmonary vein (Figs. 9, 10).
The cranial and caudal branches of the left pulmonary artery are both located
craniolateral to the right principal bronchus.

Pericardial plexus
The pericardial plexus (a venous network) encircles the apex of the heart and lies
upon the pericardial pleura (Fig. 11). The two tortuous limbs (right and left) join dorsally
as a common trunk and empty into the ventral aspect of the caudal vena cava just cranial
to the caval sphincter (Figs. 12, 13). Ventrally, the plexus is in close association with the
diaphragm.

Cranial and Caudal Vena Cava
The cranial vena cava lies lateral to the thoracic trachea and dorsal to the aortic
bulb before entering the craniodorsal aspect of the right atrium caudal to the aortic bulb
and caudal to the right pulmonary artery (Fig. 1). It is formed at the thoracic inlet by
coalescence of the right and left brachiocephalic veins. The brachiocephalic veins
originate just cranial to the thoracic inlet from the union of the ipsilateral external jugular
and subclavian veins. The right common pulmonary vein passes over both caval veins
just dorsal to their openings into the right atrium (Fig. 8). The caudal vena cava emerges
from the pelvic cavity as a paired (biphid) vessel that fuses into a single vessel at the
level of the third lumbar vertebral body. After a short course it expands into a hepatic
sinus, a large venous reservoir formed also in part by enlarged hepatic veins (Figs. 9, 13).
At the level of the caval foramen in the diaphragm, the caudal vena cava narrows and is
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surrounded by modified skeletal muscle fibers (Fig. 12). These skeletal muscle fibers
encircle the caudal vena cava to form the caval sphincter. Upon entering the thoracic
cavity, the caudal vena cava passes through a groove in the accessory lung lobe, courses
parallel to the heart’s longitudinal axis and enters the dorsocaudal aspect of the right
atrium just dorsal to the opening of the coronary sinus (Figs. 6, 9, 13, 14).

Azygos veins
The left and right azygos veins lie along the dorsolateral borders of the aorta
ventral to the longus coli muscles cranially, and the vertebral bodies caudally (Fig. 5).
The sixth to fifteenth dorsal intercostal veins (right and left) drain into their ipsilateral
azygos vein. At the level of 5th or 6th thoracic vertebrae, the left and right azygos veins
join to form a common trunk, which drains into the cranial vena cava as it enters the right
atrium (Fig. 5, 8). Right and left dorsal intercostal veins 4 and 5 drain into the common
azygos trunk. Intercostal veins 1 to 3 join into small common trunks, one on the right and
one on the left, before draining into the cranial aspect of the common azygos trunk. These
common trunks of the first three dorsal intercostal veins originate cranial to the first rib
and have prominent anastomoses with ipsilateral vertebral and subclavian veins and the
venous arch at thoracic inlet. In one specimen, dorsal intercostal arteries 6 through 10
passed through the substance of the right azygos vein (Fig. 5). In the cranial portion of
the azygos veins, several communicating branches unite both veins at the level of 6th to
10th thoracic vertebral bodies.
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Other Related Structures
The right phrenic nerve enters the thoracic cavity through the thoracic inlet lateral
to the right subclavian artery. This nerve courses dorsolaterally through the thoracic
cavity past the base of the heart and dorsal to the right ventricle (Figs. 8, 12). One
centimeter cranial to diaphragm it gives off a small branch that supplies the caval
sphincter (Fig. 12). The right phrenic nerve enters the right side of the diaphragm dorsal
to the apex of the heart. The left phrenic nerve enters the thoracic inlet ventral to the
major blood vessels and follows the dorsolateral margin of the pericardium as it passes to
the left side of the diaphragm.
Upon entering the thoracic cavity, the right vagosympathetic trunk lies ventral to
the right subclavian artery and ventral to and in contact with the phrenic nerve. Here it is
joined by the caudal limb of ansa subclavia and dispatches the right recurrent laryngeal
nerve. The right vagus nerve continues dorsally from this point and divides into dorsal
and ventral branches that eventually join with the respective dorsal and ventral branches
of the left vagus nerve. The left vagosympathetic trunk passes through the thoracic inlet
ventral to the left common carotid artery and reaches the aortic bulb before giving rise to
the left recurrent laryngeal nerve at the level of the ligamentum arteriosum. It courses
dorsocaudally from this point as the left vagus nerve to reach the esophagus. Dorsal to the
base of the heart it gives off dorsal and ventral branches, which join the dorsal and
ventral branches of the right vagus nerve to form the dorsal and ventral vagal trunks. The
dorsal vagal trunk is located dorsal to the esophagus and the ventral vagal trunk is located
ventral to the esophagus.
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Remnants of the thymus are found in the adult seal lying ventral to the aortic bulb
in the mediastinum. In the juvenile seal the thymus is bilobed. Right and left lobes extend
from the ventral aspect of the coronary groove to the thoracic inlet covering the ventral
aspect of the aortic bulb and both auricles (Fig. 11). The lobes extend from the midline
laterally between the heart and cranial lung lobes toward the lateral margins of the heart.
Over the ventral aspect of the heart, the pericardial sac covers a major portion of
the ventral aspect of the pulmonary trunk. The pericardial sac covers more than one half
of the aortic bulb attaching to its dorsocranioventral surface (Figs. 1, 4). The auricular
surface of the heart is completely covered by the pericardial sac. The pericardial sac
attaches to the coronary groove on the atrial (dorsal) surface leaving the left atrium and a
portion of the right atrium outside the pericardial cavity.

Discussion:
The origin of the brachiocephalic trunk, left common carotid and left subclavian
arteries from the aortic arch is similar to that of man, higher primates (chimpanzee)
(Swindler, 1973) and some cetacea (Ochrymowich and Lambertsen, 1984). Interestingly,
it is different from most carnivores in which the left common carotid arises from the
brachiocephalic trunk and lower primates (baboon) with the left common carotid artery
originating from the brachiocephalic trunk before it gives rise to the right subclavian and
right common carotid arteries. King (1983) reported that Neophoca vessels arise from the
arch similar to the dog.
The most striking feature of the seal’s aorta is the enlarged aortic bulb. This
enlargement is reported in several marine mammals including seals (Drabek, 1977),
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minke whale (Ochrymowich and Lambertsen, 1984), sperm whale (deep diving whale)
(Melnikov, 1997), fin whale (Shadwick and Gosline, 1994) and manatee (Rowlatt and
Marsh, 1985). In the fin whale, Gosline and Shadwick (1996) observed the
elastic/collagen ratio was 2:1 in the aortic arch, while in the descending aorta it was 1:2.
This ratio leads to an unrestrained biaxial dilatation of the aortic arch. From Drabek’s
(1977) morphometric measurements of the aortic bulb in seals and terrestrial mammals,
he found the deep diving Weddell seal (600 m, Kooyman, 1969) to have the largest aortic
bulb and he concluded that deep diving species have a more spacious aortic bulb. Since
all of the mammals above mentioned dive and have this enlargement and there is no
enlargement evident in terrestrial mammals, this seems to imply a diving function.
Rhode and coworkers (1986) observed that the volume distensibility of the aortic
bulb of the Weddell and harbor seal is greater than that of the descending aorta, also, the
distensibility of the aortic bulb in terrestrial mammals is much less. Consistent with
Rhode’s work, Shadwick and Gosline (1994) describe a highly compliant aortic arch and
a relatively rigid descending aorta in the fin whale. The aortic bulb can accommodate
more than three times the normal stroke volume of the heart and the aortic bulb’s
distensibility increases with age in seals (Rhode et al., 1986). Hence this anatomical
adaptation follows function since seals gradually develop diving habits. Therefore, this
anatomical “aberration” serves as a key adaptation for maintaining normal blood pressure
during deep dives in marine mammals. The elastic enlargement of the aortic bulb copes
with decreased cardiac output in order to maintain appropriate arterial blood pressure to
meet demands of essential organs such as the heart and brain. As early as 1941, Irving
and coworkers (1942) reported that during deep dives the arterial pressure in major blood
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vessels is constant and there is peripheral arterial vasoconstriction and bradycardia. This
raises the question of oxygen supply in the periphery of the body while diving. Some
studies revealed that the adaptation for deep diving is not only anatomical but is also
metabolic (Lenfant et al., 1969; Reed et al., 1994). They state that seals have an increased
oxygen storage potential in their muscle since their myoglobin has a higher affinity for
oxygen and also a higher concentration of hemoglobin in their blood.
In the ringed seal, the right and left azygos veins join to form a common trunk
prior to entering into the cranial vena cava similar to other phocids (Harrison and
Tomlinson, 1956; Barnett et al., 1958; King, 1977). Both azygos veins were a similar size
in the ringed seal, whereas Harrison and Tomlinson (1956), Barnett et al., (1958) and
King (1977) reported a reduced size of the left azygos. Of interest, intercostal arteries 6 10 pierce the substance of the right azygos vein in one of the ringed seals studied and
communicating branches between left and right azygos veins were found in the ringed
seal at the level of the 6th to 10th thoracic vertebral bodies.
Pulmonary lobar veins join to form three common veins prior to emptying into the
left atrium, which is considerably different than in domestic mammals where lobar veins
empty directly into left atrium. The cranial vena cava and its main coalescing branches
(brachiocephalic, subclavian and jugular veins) for the most part correspond to the
branching pattern in the dog.
The thoracic caudal vena cava has some remarkable anatomy: 1. Courses parallel
along the length of the right ventricle 2. Enters the right atrium on its dorsal aspect, 3.
Receives the pericardial plexus, 4. Has a sphincter. Perhaps the most functional is the
modification at the caval foramen of the diaphragm forming a caval sphincter. Harrison
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and coworker’s (1956) description of the caval sphincter innervation in the common seal
(Phoca vitulina) by the right phrenic nerve is similar to that of the ringed seal. Elsner
(1971) noted that constriction of the sphincter and hence reduction of the blood flow to
the heart is associated with diving in seals. This restriction of the blood flow causes blood
to pool in the abdominal dilation of the caudal vena cava (hepatic sinus). Because of the
large reservoir of blood being restricted by the sphincter, we agree with Ronald and
coworkers (1977) who suggested that caval sphincter action must be well timed with the
action of the heart to prevent flooding of the right atrium. The circular pericardial plexus
empties into the caudal vena cava in the ringed seal similar to the description by Harrison
and Tomlinson (1956) in the common seal.
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Figure1. Heart, auricular surface. Aortic bulb (b), Brachiocephalic trunk (t), Left
common carotid artery (+), Left subclavian artery (*), Pulmonary trunk (p), Left and right
auricles (a), Right ventricle (r), Left ventricle (l), Cranial vena cava (c),
Bronchoesophageal artery (arrow), Line of attachment of the pericardial sac onto aortic
bulb (arrow heads), Conus arteriosus (dots).
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Figure 2. Thoracic angiograph, right lateral view. Aortic bulb (b), Left common carotid
artery (+), Left subclavian artery (*), Descending aorta (d), Brachiocephalic trunk (t),
Right coronary artery (black arrow head), Left coronary artery circumflex branch (white
arrow head), Left coronary artery paraconal branch (arrow), Area of atria (a), Area of
ventricles (v).
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Figure 3. Thoracic angiograph, dorsoventral view. Left ventricle (v), Left atrium (a),
Aortic bulb (b), Left common carotid artery (+), Left subclavian artery (*),
Brachiocephalic trunk (t), Descending aorta (d), Right coronary artery (arrow head).
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Figure 4. Heart, auricular surface. Left and right auricles (a), Left ventricle (l), Right
ventricle (r), Left coronary artery paraconal branch (arrow), Aortic bulb (b), Pulmonary
trunk (p), Brachiocephalic trunk (t), Left common carotid artery (+), Left subclavian
artery (*), Great cardiac vein (arrow head).

Figure 5. Dorsal thoracic cavity, ventral view. Descending aorta (a), Left azygos vein (z),
Right azygos vein (r), Dorsal intercostal arteries (*), Common azygos vein (c), Intercostal
vein (+).
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Figure 6. Heart, atrial surface. Right coronary artery (arrow), Right coronary artery
subsinuosal branch (arrow head), Right atrium (a), Caudal vena cava (c), Coronary sinus
(s), Diaphragm (d), Right ventricle (r), Left ventricle (l).
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Figure 7. Heart, auricular surface, auricles reflected laterally. Left and right auricles (a),
Left ventricle (l), Right ventricle (r), Left coronary artery circumflex branch (arrow
head), Paraconal branch of the left coronary artery (arrow), Aortic bulb (b), Pulmonary
trunk (p), Left atrium (la).
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Figure 8. Middle mediastinum, right lateral view. Caudal vena cava (d), Cranial vena
cava (c), Right common pulmonary vein (r), Aortic bulb (b), Common azygos vein (*),
Right atrium (a), Lobar pulmonary veins (dots), Right phrenic nerve (arrow head).

Figure 9. Thoracic and abdominal cavities, ventral view. Heart and diaphragm removed.
Pulmonary trunk (*), Caudal vena cava (black c), Right common pulmonary vein (r), Left
and right pulmonary arteries (dots), Pericardial plexus (arrow heads), Hepatic sinus (h),
Trachea (t), Cranial lung lobes (c), Left atrium (a).
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Figure 10. Tracheobronchial-vascular cast, ventral view. Right common pulmonary vein
(r), Caudal common pulmonary vein (c), Left common pulmonary vein (l), Pulmonary
trunk (p), Right and left pulmonary arteries (+), Cranial branch of the right pulmonary
artery (*), Pulmonary artery for the accessory lobe (dots), Lobar pulmonary veins (v).
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Figure 11. Thoracic and cranial abdominal cavities, ventral view 1. Diaphragm (D);
Thymus (t); Heart (h); Lungs: cranial (c), middle (m), caudal (d) lobes; Pericardial pleura
(p); Pericardial plexus (*).
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Figure 12. Caudal mediastinum, right lateral view. Caudal vena cava (c), Caval sphincter
(s), Right phrenic nerve (arrow), Branch of phrenic nerve for caval sphincter (arrow
head), Pericardial plexus (v), Diaphragm (D), Pericardial pleura (p).
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Figure 13. Thoracic and cranial abdominal cavities, ventral view 2. Caudal lung lobes (l),
Right ventricle (r), Diaphragm (D), Hepatic sinus (H), Pericardial plexus (arrow),
Pericardial pleura (Arrow head), Caudal vena cava (c), Left auricle (a).

Figure 14. CT scan at the level of the 9th thoracic vertebra. Right lung (r), Caudal vena
cava (arrow), Descending aorta and azygos veins (between the arrow heads), Esophagus
(e), Vertebral body of the 9th thoracic vertebra (*).
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PART V
MACOROSCOPIC ANATOMY OF THE HEART OF THE RINGED
SEAL (PHOCA HISPIDA)
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This part is yet to be submitted for publication in 2004 by Hrvoje Smodlaka, Robert B.
Reed, Robert W. Henry.
My primary contributions to this paper include: (1) most of the writing (2) obtaining and
labeling of the images (3) performing the literature search (4) performing dissection and
embalming involved.
Abstract:
Anatomical properties of the ringed seal (Phoca hispida) heart and associated
blood vessels reveal adaptations seemingly related to adaptations and requirements for
diving. Seven adult ringed seals were embalmed and dissected to document the gross
anatomical features of the heart. CT (computed tomography) images of the thoracic
cavity were taken prior to dissection on one seal. The heart shape and location is
different from the typical carnivore heart. The most notable difference is the
dorsoventrally flattened appearance with the right and left sides positioned respectively.
The long axis of the heart is positioned horizontally, parallel to the sternum. The right
ventricle (ventriculus dexter) is spacious, has thin walls and extends caudally to the apex
of the heart (apex cordis) such that the apex is comprised of both, the right and left
ventricles (ventriculus sinister). The cusps of the left atrioventricular valve (valva
atrioventricularis sinistra) resemble an uninterrupted, circular, curtain-like formation that
makes it challenging to distinguish the divisions into parietal and septal cusps (cuspis
parietalis et septalis).

Introduction:
The physiological ability of seals to dive to great depths has long intrigued
investigators as they looked to seal physiology in order to shed light on human diving
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physiology. The cardiovascular physiology of seals has been investigated by numerous
researchers in an attempt to elucidate the unique physiological parameters related to
diving (Elsner, 1964; Kooyman, 1969; Blix and Holl, 1973; Blix et al., 1975; Thompson
and Fedak, 1993; Thornton, 2001). Seals and other marine mammals possess
morphological adaptations that enable them to survive in the realm of the deep marine
environment. One of the organ systems possibly most in need of adaptation to such an
environment is the circulatory system. Unusual morphological characteristics of the seal
heart have been partially described by early investigators, but no detailed work was found
documenting the anatomy of the seal heart in terms of a complete, veterinary anatomical
description (Murie, 1874; Slijeper, 1968, Drabek, 1975, Drabek 1977, van Nie, 1982,
Stewardson, 1999). Bisaillon’s (1982) however, described in detail the harp seal heart in
terms of veterinary anatomical terminology. Drabek’s (1975, 1977) comparative
morphometric studies of seal hearts and aortas include some basic anatomical
descriptions. This study describes the gross anatomical characteristics of the ringed seal
heart.

Materials and methods:
Seven adult ringed seals, harvested for subsistence purposes, were frozen and
shipped to The University of Tennessee by native Alaskan hunters and studied under
permits (519 and 839) issued by the National Marine Fisheries Service. Six seals were
thawed and submerged in a 5% formaldehyde solution to preserve them for dissection
and subsequent description. Photographic images of relevant structures were taken and
labeled. The hearts and aortas of three specimens were further preserved using standard
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silicone plastination technique (Henry, 1987; von Hagens, 1987; Henry and Nel, 1993;
Weiglein and Henry, 1993). One seal was thawed in sternal recumbency and the thoracic
cavity was imaged using a 4th-generation CT scanner.1 Transverse images of the thorax
were acquired with 10 mm collimation and 10 mm table movements from the level of T2
through T14 vertebrae. Scans were obtained with window settings of: 400; level +8; 130
kV; and 125 mA using a standard reconstruction algorithm with an appropriate field of
view.

Results:
Exterior of the heart
The ringed seal has a four chambered heart, with two atria and two ventricles. The
heart is enclosed within a pericardial sac (pericardium) which attaches ventrally to the
sternum via the sternopericardial ligament (ligamentum sternopericardiacum) and
caudally to the diaphragm via the phrenicopericardial ligament (ligamentum
phrenicopericardiacum). The atrial surface (facies atrialis) of the heart is directed
dorsally and the auricular surface (facies auricularis) is directed ventrally (Figs. 1, 2, 3,
4, figures are placed in the appendix). The auricular surface of the heart is broad and
slightly convex and contacts the ventral aspect of the thoracic cavity (Figs. 1, 3). It is
comprised of the external walls of the left and right auricles (auricula sinistra et dextra)
and the left and right ventricles. The atrial surface is directed dorsally and is flat to
slightly convex (Figs. 2, 4). It is comprised of the external walls of the left and right atria
(atrium sinister et dexter) and the left and right ventricles.
1

GE 9800, GE Medical Systems, Milwaukee, Wis
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The coronary groove (sulcus coronarius) demarcates the atria from the ventricles.
The dorsolateral and ventrolateral portions of the coronary groove is filled with the great
cardiac vein (vena cordis magna) and the coronary sinus (sinus coronarius). The
boundary between the ventricles is demarcated by a shallow paraconal interventricular
groove (sulcus interventricularis paraconalis) (Figs. 1, 3) on the auricular surface of the
heart which is demarcated by the large great cardiac vein. An inconspicuous subsinuosal
interventricular groove (sulcus interventricularis subsinuosus) (Fig. 4) on the atrial
surface of the heart is demarcated by the large middle cardiac vein (vena cordis media).
The right ventricle is located predominantly to the right of the midline and the left
ventricle predominantly to the left (Fig. 1). The ringed seal heart is dorsoventrally
flattened (Figs. 2, 5). Because of this flattening, the caudal aspects of the right and left
ventricular margins (margo ventriculi dexter et sinister) are markedly angular as the
dorsal wall of the ventricles reflects around the apical margin to the ventral wall. The
right ventricular margin retains this shape along its lateral aspect as well. This flattening
of the heart also reduces the width in a dorsal to ventral direction of the interventricular
septum (septum interventriculare) causing the septum to contribute minimally in the
formation of the walls of the ventricles leaving most of the chambers comprised of
parietal wall.
The average length of the heart is 0.5 to 1.0 cm longer than its width, giving the
heart a rounded appearance when viewing the auricular or atrial surface of the heart. The
heart assumes a nearly horizontal orientation, medial to intercostal spaces three to seven
in the ventral half of the thoracic cavity, with its auricular surface in contact with the
sternum and transverse thoracis muscles (Fig. 1). The base of the heart (basis cordis) is
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directed cranially. The long axis of the heart is parallel to the longitudinal axis of the
trunk and angles slightly to the right.
The apex of the heart is comprised of the caudal most portions of the right and left
ventricles (Figs. 1, 3, 4). The right ventricle protrudes a few millimeters more caudal than
does the left ventricle and thus constitutes the caudal most extremity of the heart in situ
(Figs. 3, 4). This caudal most portion of the right ventricle is located to the left of the
midline. The apex of the heart is marked by a shallow apical notch (incisura apicis
cordis) (Figs. 1, 3, 4).
The right auricle lies on the floor of the thoracic cavity just cranial and lateral to
the right ventricle. It is located medial to the right third and fourth intercostal spaces and
is bounded laterally by the right cranial lung lobe. The left auricle is found medial to the
left third and fourth intercostal spaces. This auricle also lies on the floor of the thoracic
cavity and is bordered medially by the pulmonary trunk (truncus pulmonaris) (Figs. 1, 3),
caudally by the left ventricle and craniolaterally by the left cranial lung lobe. The left
cranial and middle lung lobes cover the left atrium and ventricle laterally and a portion of
the ventral aspect of both. On the right side, the right middle lung lobe partially covers
the ventral aspect of the right ventricle. A shallow cardiac notch (incisura cardiaca
pulmonis dextri et sinistri) is present in both lungs on the ventral aspect of the thoracic
cavity medial to the third and fourth intercostal spaces on their respective sides. The right
notch is slightly more prominent than the left notch (Fig. 1). These notches are not
accessible from the lateral aspect of the thoracic walls.
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Right atrium and left atrium
Within the right atrium the fossa ovalis is visible on the interatrial septum (septum
interatriale) with a markedly pronounced rim (limbus fossae ovalis). The interior of the
right atrium and auricle are covered with pectinate muscles (musculi pectinati). Pectinate
muscles are present in the left auricle whereas the inner walls of the left atrium are
smooth.

Right ventricle
The right atrioventricular valve (valva atrioventriculare dextrum) is comprised of
three cusps (Fig. 6). The angular cusp (cuspis angularis) is oriented along the ventral wall
of the right ventricle and chordae tendineae attach it to the subarterial papillary muscle
(musculus papillaris subarteriosus), just ventral to the supraventricular crest (crista
supraventricularis) and the major papillary muscle (musculus papillaris magnus) on the
ventral wall of the right ventricle (Fig. 6). The parietal cusp lies along the dorsal wall of
the right ventricle and its chordae tendineae attach from the major papillary muscle
caudal to the chordae tendineae of the angular cusp (Fig. 6). The parietal cusp chordae
tendineae also attach to the minor papillary muscle (musculus papillaris parvus). The
septal cusp is short and its chordae tendineae attach directly to the interventricular septum
(Fig. 6), the minor papillary muscle and the subarterial papillary muscle. Numerous
myocardial ridges (trabeculae carnae) are present in the right ventricle as well as one to
two septomarginal bands (trabeculae septomarginalis) connecting septal and parietal
walls of the right ventricle. The pulmonary valve (valva trunci pulmonalis) is comprised
of three semilunar cusps (valvulae). The right cusp (valvula semilunaris dextra) lies
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cranial to the supraventricular crest, the left cusp (valvula semilunaris sinistra) lies along
the interventricular septum and the intermediate cusp (valvula semilunaris intermedia) is
situated on the free wall of the pulmonary trunk. The elongated thin-walled ventricle is
spacious and extends caudally to the apex of the heart. Therefore the apex is comprised of
both right and left ventricles.

Left ventricle
The left atrioventricular valve is comprised of two cusps (Fig. 7). The septal cusp
originates from the septal wall and projects farther into the orifice than the parietal cusp
as measured from its origin to its free edge (Fig. 7). It comprises approximately one
fourth of the circumference of the complete circular valve. It is demarcated from the
parietal cusp by two discrete grooves. The septal cusp is attached via chordae tendineae
to both the subatrial and subauricular papillary muscles (musculus papillaris subatrialis
et subauricularis) of the parietal wall (Fig. 7). Approximately half of the chordae
tendineae attach to the subauricular papillary muscle and half to the subatrial papillary
muscle. The parietal cusp originates from the remaining three fourths of the
circumference of the left atrioventricular orifice (ostium atrioventriculare sinistrum).
This cusp projects from the entire parietal surface of the left ventricle and it is attached to
both subauricular and subatrial papillary muscles (Fig. 7). The aortic valve (valva aortae)
is also comprised of three semilunar cusps: left, right and septal (valvula semilunaris
sinistra, dextra et septalis). The right and left cusps are located on the ventral aspect on
their respective sides, while the septal cusp is located dorsally. Trabeculae carnae in the
left ventricle are more prominent than those in the right ventricle. The ratio of thickness
66

of the right ventricular wall to the left ventricular wall is 1:4 - 1:5 and the left surface of
the interventricular septum is reduced.

Coronary Arteries and Veins
The left and right coronary arteries (arteriae coronariae sinistrae et dextrae)
originate from their respective aortic sinuses (sinus aortae dexter et sinister) of the
ascending aorta (aorta ascedens). The left coronary artery commences in a ventral
direction between the left auricle and pulmonary trunk to emerge on the auricular surface
of the heart where it gives rise to a circumflex branch (ramus circumflexus) and a
paraconal interventricular (ramus intervenricularis paraconalis) branch. The circumflex
branch is located in the coronary groove and the interventricular paraconal branch is
located in the paraconal groove. The right coronary artery originates from the ventral
aspect of the right aortic sinus and courses to the right in the coronary groove to the right
margin of the heart. At this point, it bends sharply, dorsally to the atrial surface of the
heart within the coronary groove. Upon reaching the subsinuosal interventricular groove
it turns caudally into that groove as the subsinuosal interventricular branch (ramus
interventricularis subsinuosus). Near the apex of the atrial surface of the heart, small
venous branches converge to form the middle cardiac vein within the subsinuosal
interventricular groove (Fig. 4). This vessel empties into the coronary sinus near its
opening into the right atrium. The great cardiac vein originates in the paraconal
interventricular groove and courses cranially towards the coronary groove (Fig. 3). At
this point, it enters the coronary groove and circumnavigates with the circumflex branch
of the left coronary artery to the left margin of the heart, at which point these vessels turn
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dorsally and continues within the groove to the atrial surface. Once on the atrial surface
of the heart, the great cardiac vein dilates to form the coronary sinus (Fig. 4).

Discussion:
Macroscopic anatomical observations of the ringed seal heart correspond closely
with descriptions of hearts of other marine mammals (Slijeper, 1968; Drabek, 1975;
Drabek, 1977; Rowlatt, 1981; Bisaillon, 1982; Ochrymowych and Lambertsen, 1984;
Bisaillon, 1987, Stewardson, 1999). It is the characteristically dorsoventrally flattened,
with a right/left orientation within the thoracic cavity as seen in other seal species.
Surprisingly, Ochrymowych and Lambertsen (1982) depict a dorsoventrally flattened
heart in the minke whale and Bisaillon (1987) reports a flatteness of the ventricles in the
beluga whale.
The length and width of the ringed seal heart are relatively equal with one another
with length being on average 0.5 to 1.0 cm longer than the width. This leads to a rounded
appearance when viewed from the auricular and atrial surface. Measurements of the harp
seal heart were almost identical with the width being approximately 1.0 cm longer than
the length (Bisaillon, 1982). Drabek (1975, 1977), Bisaillon (1982) and Stewardson
(1999) also emphasized the broadness of the seal heart which is different from the typical
terrestrial mammal heart. King (1983) describes the seal heart as exhibiting normal
mammalian anatomy which is different from our findings. The shape of the ringed seal
heart exhibits a similar rounded appearance as does the heart of the harp seal (Bisaillon,
1982). Contrastingly, the heart of larger marine mammals such as the minke whale is
more conical in shape (Ochrymowych and Lambertsen, 1984).
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The ventricles lie beside one another without the right ventricle wrapping around
the left ventricle as seen in most mammalian hearts. The apex of the heart is comprised of
both left and right ventricles as opposed to the typical terrestrial mammal heart in which
it is comprised of just the left ventricle. Drabek (1975) also noted in other pinnipeds
(crabeater, leopard, Ross and Weddell seal) that the apex of the heart was comprised of
both ventricles. The heart of sirenians (dugong, manatee) possesses a double apex and
deep interventricular grooves (Berta and Sumich, 1999).
The long axis of the ringed seal heart is positioned parallel to the sternum, not
obliquely as in the canine and other terrestrial mammals. Additionally, the heart is
slightly tilted to the right of midline, not towards the left as seen in the domestic dog.
The placement and the shape of the ringed seal heart is designed for diving
animals. Were the seal’s heart orientated similar to that of terrestrial mammals,
impairment of right ventricular function would occur during diving, as the thin walled
right ventricle would be caught between the left ventricle and the diaphragm caudally.
Additionally, there is compression ventrally by the sternum due to strong hydrostatic
pressure. This would prevent adequate refilling of the right ventricle. The placement of
the right ventricle to the left of the left ventricle and midline reduces the compression
effects of the diaphragm and hypothetically avoids impairment of right ventricular
function. The atria extend cranially to the third intercostals space and lie off the midline.
This location is similar to that of the harp seal (St-Pierre, 1974). Ochrymowych and
Lambertsen (1984) proposed that the heart of cetaceans is also positioned within the
thoracic cavity to maintain hemodynamic homeostasis.
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The location of the apical notch on the ringed seal heart differs from what is
observed in a typical mammalian heart. The apical notch on most mammalian hearts is
located off the actual apex of the heart. This makes the apex of the heart of most
mammals comprised of only the left ventricle and not both ventricles as seen in the
ringed seal. The rather shallow paraconal interventricular groove and faint subsinuosal
groove of the ringed seal heart make it similar to descriptions of the harp seal heart
(Bisaillon, 1982) and the sea lion heart (Murie, 1874). Cetaceans apparently have more
pronounced interventricular grooves than seals as per descriptions of minke (Rowlatt,
1981) and beluga whales (Bisaillon, 1987).
One notable characteristic of the seal heart is a prominent, capacious, thin walled
right ventricle equal in length to the left ventricle. Similar descriptions of the right
ventricle have also been reported in the harp seal (Bisaillon, 1982), Weddell seal
(Drabek, 1977) and sea lion (Murie, 1874). This thinned right ventricular morphology is
believed to assist diving animals in coping with increased pulmonary resistance due to
alveolar collapse during deep dives (Drabek, 1977). Blix and Hol (1973) noted
angiographically the markedly dilated right ventricle with blood reflux into the coronary
sinus during a simulated dive in the harp seal, demonstrating the increased pulmonary
resistance to blood perfusion. Therefore, in order to overcome the effects of increased
pulmonary resistance, the thin walled right ventricle is probably more prone to dilatation
than in terrestrial species to accommodate the large residual volume following systole.
This right ventricular modification is physiologically essential in seals yet pathologic in
terrestrial mammals (Blix and Hol, 1973). Our observations on the ratio of thickness
between the right and left ventricular walls of the ringed seal showed a ratio of 1:4 – 1:5
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indicating a relatively thin right ventricular wall when compared to terrestrial mammals
(1:3). Drabek (1977) specifically describes the right ventricle of the Weddell seal as
having 19% of the thickness of the left ventricle. Slijeper (1968) however reported that
the thickness ratio between right and left ventricular walls in the seal is the same as in
terrestrial mammals. The reduction of the surface of the septum, especially in the left
ventricle is an effect of the flattened heart and thicker wall of the left ventricle. This has
also been reported in the minke whale (Rowlatt, 1981). Because the lungs do not cover
the ventral surface of the heart and the heart is deviated slightly to the right,
cardiocentesis on a ringed seal should easier if approached from the right side adjacent to
the lateral margin of the sternum within the third and fourth intercostal spaces.
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Figure 1. Thoracic cavity, ventral view. Cranial lung lobes (c), Middle lung lobes (m),
Caudal lung lobes (d), Aortic bulb (+), Thymus (black dots), Pulmonary trunk (p),
Auricles (a), Left ventricle (v), Right ventricle (rv), Pericardial plexus (arrow), Apical
notch (arrow head), Diaphragm (D), Paraconal groove (white dots), Brachiocephalic
trunk (*).

Figure 2. Heart, lateral view. Descending aorta (d), Left atrium (a), Left ventricle (v),
Pulmonary trunk (*), Cranial vena cava (arrow).
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Figure 3. Heart, auricular face. Aortic bulb (+), Auricles (a), Pulmonary trunk (*), Right
ventricle (v), Left ventricle (lv), Paraconal branch of the left coronary artery (black
arrow), Great cardiac vein (white arrow), Apical notch (arrow head).
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Figure 4. Heart, atrial face. Descending aorta (*), Cranial vena cava (white arrow),
Caudal vena cava (c), Atria (a), Left ventricle (lv), Coronary sinus (s), Middle cardiac
vein (black arrow), Apical notch (arrow head)
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Figure 5. CT scan of thorax. The dorsal aspect of the seal is at the top and the right side
of the seal is to the left side of the image. Vertebral body of 7th thoracic vertebrae (*),
Epaxial muscle (M), Left lung (L), Right ventricle (V), Skin (arrow), Subcutaneous fat
(A).

Figure 6. Right atrioventricular valve. View though port in right ventricular wall.
Angular cusp (a), Parietal cusp (p), Septal cusp (black dots), Major papillary muscle (*).
Subarterial papillary muscle (+), Supraventricular crest (c).
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Figure 7. Left atrioventricular valve. Cranial view (left atrium is removed).
Parietal cusp (*), Septal cusp (black dots), Subauricular papillary muscle (p).
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PART VI
MACROSCOPIC ANATOMY OF THE RINGED SEAL (PHOCA HISPIDA)
LOWER RESPIRATORY TRACT
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This part is lightly revised version of a paper by the same name submitted to the Journal
of Morphology in 2004 by Hrvoje Smodlaka, Robert B. Reed, Robert W. Henry.
My primary contributions to this paper include: (1) most of the writing (2) obtaining and
labeling of the images (3) performing the literature search (4) performing dissection.
Abstract:
This investigation serves to document the normal anatomical features of the lower
respiratory tract of the ringed seal (Phoca hispida). Evaluation of embalmed specimens
and tracheobronchial casts showed that the right lung of this seal species is comprised of
four lobes while the left has only three lobes. The ventral margin of the lungs has limited
contact with the ventral thoracic wall. Lung lobation corresponds with bronchial tree
division. Pulmonary veins are comprised of two common lateral veins draining ipsilateral
cranial and middle lung lobes, and one common caudal vein draining both caudal lobes
and the accessory lobe. The right and left pulmonary arteries divide into cranial and
caudal branches at the level of the principal bronchus. The ringed seal has three
tracheobronchial lymph nodes. The trachea has an average of 87 cartilages that exhibit a
pattern of random anastomoses between adjacent rings. The trachea exhibits to a small
degree the dorsoventrally flattened pattern that is described in other pinnipeds. The
tracheal diameter is smaller than that of the domestic canine.

Introduction:
The ringed seal (Phoca hispida) is important to the ecology of northern seas,
environmental toxicology and human health issues. These areas are linked through
trophic interactions of the ringed seal with the northern marine ecosystem to which man
is also linked. Because the ringed seal is the most numerous and most widespread seal
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species in the arctic region, it is an indispensable link in the food chain of northern seas
giving it an important role in the ecological balance within its range. Being a large
carnivore, the ringed seal resides near the top of the food chain where it is prone to
accumulate environmental toxins. The bio-magnification of toxic, steroid-like compounds
in seals is evident from several environmental toxicology studies (Kuhnlein et al., 1995;
Kleivane et al., 2000; Kostamo et al., 2000; Bang et al., 2001). These studies revealed
high concentrations of compounds such as PCB’s (polychlorinated biphenyls) in blood
and other tissues of seals.
The ringed seal is also the most important seal species in the northern hemisphere
for the subsistence of indigenous populations who depend primarily upon ringed seals as
their source of food and clothing. Recently, public health issues have emerged, linking
the dietary habits of indigenous populations of arctic regions consuming predominantly
ringed seals with the levels of PCBs in their tissues (Bjerregaard et al., 2001).
In order to better understand the ringed seal, efforts should be made to document
its gross anatomy as a basic science prerequisite for future investigations on this species.
The earliest references on seal lung gross anatomy can be dated to the beginning of the
twentieth century (Hepburn, 1912). Concerning the Phocid family some authors were
preoccupied with gross anatomical aspect of the trachea and lungs in the seal (Sakai and
Tsuneishi, 1962; Sokolov et al., 1971; Hojo, 1975; Frost and Lowry, 1981; Nakakuki,
1993). Others however focused on both gross and microscopic anatomical aspects of the
seal bronchial tree and lung (Denison and Kooyman, 1973; Boyd, 1975). Microscopic
anatomy of the lower respiratory tract of various seal species has been well documented
(Belanger, 1940; Denison et al., 1971; Denison and Kooyman, 1973; Boshier and Hill,
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1974; Drabek and Kooyman, 1984). Additionally, comprehensive work has been done by
Kooyman et al. (1969) to better understand the diving physiology of seals. In the
available literature there are inconsistencies in describing the gross anatomical
appearance of the seal lung even when the same species is being investigated (Sahai et
al., 1962; Sokolov et al., 1971 Hojo, 1975; Nakakuki, 1993). Scant material available on
gross anatomy of the ringed seal lung is contradictory, even when referring to basic
descriptions such as lung lobation (Zhedenov, 1954; Sokolov et al., 1971; Frost and
Lowry, 1981). This study will serve to document the macroscopic anatomical features of
the lower respiratory system of the ringed seal and to clarify existing discrepancies.

Materials and methods:
Five adult ringed seals ranging in weight from 30 to 73 kilograms were collected
by indigenous Alaskan hunters. Through North Slope Borough, Department of Wildlife
Management, Barrow, Alaska, the seals were shipped to The University of Tennessee,
College of Veterinary Medicine, to evaluate the anatomical aspects of the lower
respiratory tract. The tracheas of two specimens were cannulated, air dried and injected
with silicone as described by Henry (1992a) to obtain casts of the tracheobronchial tree.
Additionally, the trachea and pulmonary vessels of one specimen were injected with
silicone as described by Henry (1992b) to obtain a tracheobronchial-vascular cast. One
seal was thawed and the thorax imaged using a 4th-generation CT scanner.1 Transverse
images were acquired using 10 mm collimation and 10 mm table movements from the
level of T2 through T14 vertebrae.
1

GE 9800, GE Medical Systems, Milwaukee, WS
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Window settings were: 400; level +8; 130 kV; and 125 mA a standard reconstruction
algorithm with an appropriate field of view was used.
The remaining specimens were embalmed with 10% formalin solution prior to
dissection. Terminology within the anatomical descriptions is in accordance with the
Nomina Anatomica Veterinaria (1994).

Results:
Trachea
The trachea begins immediately caudal to the cricoid cartilage of the larynx and
extends caudally to its bifurcation in the thoracic cavity into the principal bronchi. The
trachea contains hyaline cartilage rings which vary in conformation in different regions of
the organ. The ringed seal has between 85 and 94 tracheal cartilages with an average of
87 ± 3.71. The majority of the cartilages have a typical C-shape with the open portion of
the ring located dorsally. The free ends of the tracheal cartilages often overlap one
another. However, the cartilages (12.2 ± 2.39) located immediately caudal to the cricoid
cartilage are complete rings as are those located just cranial to the thoracic inlet and all
within the thoracic cavity (15.8 ± 1.30). In total, the average number of complete rings in
the trachea of the ringed seal is 28 with a range of 25-33. Adjacent cartilages may
randomly anastomose in a side to side fashion. The length of the trachea, from the first
cartilage to the tracheal bifurcation, is 30.67 cm ± 1.53 cm. The lumen of the trachea is
round to an elongated oval shape on cross section (Fig. 1, figures are placed in the
appendix). The cranial cervical region of the trachea has a distinctly round cross section.
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The caudal two thirds of the cervical trachea is predominantly oval in cross section due to
the increasing dorsoventral flattening of trachea throughout this region.
The trachea becomes markedly flattened at the terminal portion of the cervical
trachea as it enters the thoracic cavity before becoming round once again just cranial to
the tracheal bifurcation (Fig. 1). The average tracheal diameter in the ringed seal in the
midpoint of the cervical trachea is 15.6 mm ± 2.5 mm.
In the cervical region, the trachea lies along the median plane within the groove
formed by the right and left longus colli muscles. It is covered laterally and ventrally by
the sternothyrohyoideus muscle. The esophagus is located dorsal and to the left of the
cervical trachea. The thyroid glands are located adjacent to the right and left sides of the
trachea, lateral to the first to fourth tracheal cartilages. After passing through the thoracic
inlet, the thoracic portion of the trachea continues in a caudal direction to a point just
dorsal and caudal to the aortic bulb. At this location, the trachea bifurcates into the two
principal bronchi which are directed caudodorsally into the lung parenchyma. The
tracheal bifurcation is located at the level of the third intercostal space.

Lungs
The ringed seal’s lungs occupy a major portion of the thoracic cavity extending
from the first to eighth rib pairs in the deflated state (Fig. 2). Each lung is clearly divided
into separate lobes by deep interlobar fissures which extend completely from the dorsal
border of the lung to the ventral margin (Fig. 2). Additionally, the lobes are divided into
lobules that are grossly visible externally. The right lung is comprised of four lobes
separated by three interlobar fissures and are designated cranial, middle, caudal and
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accessory lobes (Figs. 2, 3). The left lung has three lobes separated by two interlobar
fissures and are designated cranial, middle and caudal lobes (Figs. 2, 4). The left cranial
lobe is located medial to the first three intercostal spaces on the left and the right cranial
lung lobe occupies the first four intercostal spaces on the right side (Fig. 2). In one
specimen, the cupula pleurae bulged 1 cm out of the thoracic inlet on the right side and
contained the cranial extremity (apex pulmonis) of the right cranial lobe. The left middle
lobe is located medial to the left fourth and fifth intercostal spaces while the right middle
lobe lies medial to the right fourth through sixth intercostal spaces (Fig. 2). The left
caudal lung lobe is located medial to the left fifth through seventh intercostal spaces
while the right caudal lobe is found medial to the right sixth and seventh intercostal
spaces (Fig. 2). The accessory lobe is located on the midline between the fourth and fifth
intercostal spaces cradled between the caudal lung lobes. Almost the entire dorsal and
lateral surfaces of the thoracic cavity are in contact with the lungs. The majority of the
ventral aspect of thoracic cavity is in direct contact with the heart while the remainder
contacts the lungs (Fig. 5). The cardiac notch is present, low in the third to fifth
intercostal spaces on both sides of the seal, yet it is not very prominent (Fig. 2). The
cardiac notch on the right side tends to be the better defined of the two. The medial and
diaphragmatic surfaces of the lungs are concave to accommodate mediastinal structures
while the costal surfaces are convex. The dorsal-most extent of both middle lobes does
not reach the dorsal border of their respective lung leaving that border formed by only the
cranial and caudal lobes (Figs. 2, 3). The left cranial and middle lung lobes bear an aortic
impression and a cardiac impression on their medial surface. The accessory lobe has a
deep sulcus that allows passage for the caudal vena cava. The brachiocephalic trunk and
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aortic bulb leave an impression on the craniomedial extremity of the right cranial lung
lobe (Fig. 6). The ventral margins of the caudal lobes were slightly serrated in all but one
specimen. The left cranial and middle lobes are more prominent in size and lie much
closer to the ventral midline than do the lobes of the right lung (Fig. 2). The pulmonary
ligaments originate immediately caudal to each pulmonary hilus, extend toward the
caudal extremity of the caudal lobes, and attach the lungs to the caudal mediastinum.

Bronchial Tree
The trachea gives rise to the right and left principal bronchi just dorsal to the base
of the heart. These bronchi are directed caudodorsally towards the hilus of the ipsilateral
lung (Fig. 7). Each principal bronchus gives rise to a craniodorsally directed cranial lobar
bronchus approximately 1 - 1.5 cm from the tracheal bifurcation (Fig. 7). Each cranial
lobar bronchus divides into four major segmental bronchi which radiate cranially,
caudally, laterally and dorsally into the parenchyma of the lobe. The dorsal branch is
directed in a dorsal direction and is the first of the branches to arise from the lobar
bronchi.
Caudal to the origin of the cranial lobar bronchus, the left principal bronchus
gives rise to the middle lobar bronchus from its ventrolateral surface (Fig. 7). From that
point, the principal bronchus continues as the caudal lobar bronchus. The caudal lobar
bronchus continues for approximately 1 cm before giving rise to its first segmental
bronchus from its dorsal aspect. It then gives rise to two large, ventrally directed
segmental bronchi as well as two additional small segmental bronchi directed dorsally
and ventrally.
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After giving rise to the cranial lobar bronchus, the right principal bronchus
courses caudally and ventrally giving origin next to the accessory lobar bronchus that
emerges from its ventromedial aspect (Fig. 7). The third branch is the lobar bronchus for
the middle lobe emerging from the ventrolateral wall of the principal bronchus,
approximately 1 cm caudal to the origin of the accessory lobar bronchus (Fig. 7). From
that point, surrounded by parenchyma of the caudal lung lobe, the principal bronchus
continues caudally as the caudal lobar bronchus. The first segmental bronchus to the right
caudal lobe originates from the dorsal wall of the caudal lobar bronchus approximately
0.5 cm from the origin of the middle lobar bronchus. Further caudally, two more small
bronchi arise, one each, from the dorsal and ventral aspect of the right caudal lobar
bronchus. The caudal lobar bronchus terminates with two large segmental bronchi
directed caudoventrally into the lung parenchyma.
The right and left middle lobar bronchi and accessory bronchus are comprised of
a single stump with multiple segmental bronchi originating from their walls.

Pulmonary Blood Supply
The pulmonary trunk gives rise to the left and right pulmonary arteries which are
directed caudodorsally to converge with the bronchial tree at the pulmonary hilus. The
right pulmonary artery has cranial and caudal branches that are located craniolateral to
the right principal bronchus respectively (Fig. 8). The caudal branch of the right
pulmonary artery supplies the middle, caudal and accessory lobes of the right lung. The
cranial and caudal branches of the left pulmonary artery both lie craniolateral to the left
principal bronchus (Fig. 8). The caudal branch of the left pulmonary artery supplies both
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the middle and caudal lobes of the left lung. The branching of the pulmonary arteries then
follows the branching of the airways into the parenchyma of each lung. Pulmonary lobar
veins leave the hilus of each lung ventral to the branches of the pulmonary arteries. These
veins are located between the branching of the pulmonary trunk and the left ventricle.
Immediately caudoventral to the initial portions of the pulmonary arteries, these veins
unite to form three common pulmonary veins that converge towards the left atrium. The
two common lateral veins drain blood from the cranial and middle lobes of their
respective side of the lung (Fig. 8). The caudal common vein has the largest luminal
diameter and is formed by lobar pulmonary veins from both caudal lobes as well as the
accessory lobe (Fig. 8). The bronchoesophageal artery originates from the cranial aspect
of the aortic arch and is directed towards the esophagus where it divides into separate
esophageal and bronchial components. The bronchial branches follow the branching of
the tracheobronchial tree into the various lung lobes.

Lymph nodes
The ringed seal has three tracheobronchial lymph nodes (Fig. 9). Two are located,
one each, between the trachea and each cranial lung lobe, adjacent to the trachea. The
third is located immediately caudal to the tracheal bifurcation between the principal
bronchi. Pulmonary lymph nodes are visible at the hilus of each lung adjacent to the
principal bronchi as well as a few centimeters within the lung parenchyma adjacent to the
principal bronchi (Fig. 9, 10).
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Discussion:
Sokolov et al. (1971) described the ringed seal as the seal species with the greatest
number of tracheal rings as well as the one with the greatest disparity in number of
tracheal rings between individuals. The variability can range from 72 to 99 cartilages
with an average of 87 (Sokolov et al., 1971). This report corresponds with our findings in
having the same average number of cartilages. However, the range in number of total
cartilages (85-94) in our study was less than that reported by Sokolov. The number of
complete rings of cartilage in the entire trachea was reported by Frost and Lowry (1981)
to range from 10 to 19 with an average of 15. However we found 28 complete rings in the
trachea with a range of 25 to 33. The small average tracheal diameter (15.6 mm) when
compared with that of a 20 kilogram domestic dog (22.6 mm) is remarkable, considering
the possible need for rapid air exchange proceeding or after a dive.
The moderately dorsoventrally flattened trachea of the ringed seal suggests a
possible functional adaptation for a marine environment. Speculations range from
streamlining the seal to the position and weight of the head and neck. The most
convincing argument for the tracheal morphology comes from a study done by Kooyman
et al. (1970) where they exposed the Weddell seal to 31.6 atmospheres absolute pressure
and radiographically recorded an even more flattened trachea. This suggested to them
that the flattened tracheas of phocids is actually an adaptation for deep sea diving. The
markedly dorsoventrally flattened trachea has been recorded in other pinnipeds such as
the bearded seal (Sokolov et al., 1971), Weddell seal (Kooyman, 1969) and Ross seal
(King, 1969). The flattening of the ringed seal trachea is not as prominent as it is in these
species. Thus, we can identify one anatomic form that exists in some seal species that is
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apparently absent in others. Additionally, the opened dorsal aspect of the tracheal
cartilages is less marked, as ringed seals have rings that overlap rather than having a
completely membranous dorsal aspect as seen in deep diving seals such as the Weddell
seal (Kooyman, 1969). Interestingly, some cetacean species have the ventral aspect of the
trachea open (Henry et al., 1983) instead of the dorsal aspect as was noted in seals.
Because the seal trachea is able to deform itself when faced with high pressure in deep
seas (Kooyman, 1969), one may assume that ringed seals might be less adapted for
extremely deep diving. King (1983) reports that ringed seals can dive as deep as 91 m,
yet they predominantly feed on fish and krill at shallow depths. This might suggest that
ringed seals are not regular deep divers, however this cannot be fully eliminated. In deep
diving seals such as the Weddell seal, the trachea becomes markedly flattened during
dives, thus reducing the possibility of nitrogen narcosis at great depths (Kooyman et al.,
1970; Kooyman, 1973; Boyd, 1975). Kooyman et al. (1970) and Boyd (1975) also report
that seals usually exhale prior to deep diving.
Scheffer (1958) reported that the lungs of the seals are relatively longer and
perhaps larger than lungs of terrestrial carnivores, whereas in the ringed seal they are
slightly heavier than in three species of large non-domestic cats of similar body weight.
Slijeper (1960) reported that seals lungs were 2.62 % of body weight while in terrestrial
mammals of the same size, they were 1.4 %. A likely explanation for the greater weight
of seal lungs is the increased interlobular connective tissue which is demonstrated by the
grossly visible lung lobules. These lobules are not grossly visible in the dog. However
concerning lung size, we have observed the lungs of the ringed seal to be smaller than the
lungs of large cats as well as medium sized dogs. Hence no conclusion can be derived
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and further observations are necessary to resolve this question. It is credible that the
relative size of seal lungs is probably an adaptation for diving which requires seal lungs
to have a larger respiratory surface for gas exchange. Boshier and Hill (1974) noted that
seals hyperventilate prior to diving. This is likely to expedite the saturation of
hemoglobin and myoglobin for the coming dive. Tarasoff and Kooyman (1973) reported
that the left lung of the harp seal is much larger in appearance than the right lung. This
corresponds to our findings in the ringed seal in which the left lung reaches the ventral
aspect of the thoracic cavity while the right lung remains confined predominantly to the
lateral and dorsal aspect of the thoracic cavity. This is due in part to the prominent right
ventricle of the heart occupying a comparatively larger area on the right side of the
thoracic cavity. Sokolov’s (1971) schematic of ringed seal lungs shows the middle lobe
as a constitutive part of the dorsal border of the lung, whereas our findings show that the
middle lobe does not reach this border of the lung but terminates in the mid portion of the
costal surface of the lung. This leaves the cranial and caudal lobes to form the dorsal
border of each lung.
The lungs of northern pinnipeds seemingly exhibit varied degrees of lung lobation
with differences reported within species, including the ringed seal. Similar to the results
of this study the ringed seal has been reported to have four right lobes and three left lobes
(Sokolov et al., 1971; Frost and Lowry, 1981), as does the bearded seal (Frost and Lowry,
1981). Additionally, the tracheobronchial casts of the ringed seal’s respiratory system
confirmed our gross observations of seven lung lobes. However, the ringed seal has also
been reported to have no lobation of the lungs (Zhedenov, 1954). This discrepancy has
also occurred in descriptions of other seal species. Phoca vitulina is described by some
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authors as having no lung lobation (Sahai et al., 1962), while other investigators describe
it as having cranial and caudal lobes (Sokolov et al., 1971; Hojo, 1975) and even three
lobes (Nakakuki, 1993) to each lung. Additionally Sokolov and colleagues (1971) report
that ribbon and Caspian seals have no lobes. Because of the large and widely distributed
ringed seal population, subspecies may exist which may account for different
observations of lung lobation, however this is unlikely. Tarasoff and Kooyman (1973)
suggest that the more a mammal is adapted to a marine environment, the fewer lung lobes
it possesses. This results in a decreasing number of lung lobes beginning from true
terrestrial mammals followed by otariids, then phocids and finally whales whose lungs
are essentially without lobes (Tarasoff and Kooyman, 1973). Paradoxically, the ringed
and bearded seals exhibit greater lung lobation than most terrestrial mammals.
The left cranial and middle lung lobes of the ringed seal are more prominent in
size than the corresponding lobes of the right lung and lie much closer to the ventral
midline than do those of the right lung. This directly results in the right cardiac notch
being displaced further off the midline allowing greater access to the heart than would be
possible on the left side.
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Figure 1. Cervical trachea, transverse sections. Cranial (c), Middle (m), Caudal (d).

Figure 2. Thoracic cavity, ventral view. Pins indicate cut ribs 1 - 9 (pink pin rib 8).
Cranial lobe (c), Middle lobe (m), Caudal lobe (d), Aortic bulb (+), Right ventricle (rv),
Sternopericardial ligament (*), Left ventricle (v), Pericardial plexus (arrow), Diaphragm
(D).
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Figure 3. Right lung, lateral view. Cranial lobe (c), Middle lobe (m), Caudal lobe (d).

Figure 4. Left lung, lateral view. Cranial lobe (c), Middle lobe (m), Caudal lobe (d).
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Figure 5. CT scan of thorax. The dorsal aspect of the seal is towards the top and the left
side of the seal is to the right side of the image. Vertebral body of 8th thoracic vertebrae
(*), Left lung (L), Heart (H), Ventral margins of lungs (arrows).

Figure 6. Right cranial lung lobe, ventral view. Impression of brachiocephalic trunk (bt),
Impression of aortic bulb (ab), Impression of right atrium (ra), Trachea (T).
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Figure 7. Tracheobronchial cast, dorsal view. Trachea (T), Cranial lobar bronchi (+),
Middle lobar bronchi (*), Caudal lobar bronchi (c), Accessory lobar bronchus (arrow).
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Figure 8. Tracheobronchial-vascular cast, ventral view. Right common pulmonary vein
(r), Left common pulmonary vein (l), Caudal common pulmonary vein (c), Pulmonary
arteries (*), Pulmonary trunk (p), Trachea (T).
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Figure 9. Tracheal bifurcation and lymph nodes, dorsal view. Trachea (T),
Tracheobronchial lymph nodes (t), Principal bronchi (*), Pulmonary lymph node (arrow).

Figure 10. Ventral view of the lungs. Pulmonary arteries (a), Pulmonary veins (v).
Trachea (T), Principal bronchi (*).
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PART VII
MICROSCOPIC ANATOMY OF THE RINGED SEAL (PHOCA HISPIDA)
LOWER RESPIRATORY TRACT
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This part is lightly revised version of a paper submitted to the Anatomia, Histologia,
Embryologia journal in 2004 by Hrvoje Smodlaka, Robert B. Reed, Robert W. Henry.
My primary contributions to this paper include: (1) most of the writing (2) taking and
labeling of the photomicrographs (3) performing the literature search and gathering of the
literature (4) performing tissue sampling and embedding (5) interpretation of results.
Abstract:
The microscopic anatomy of the ringed seal (Phoca hispida) lung exhibits unique
features and many features similar to those described in other seal species. Unique
features include: Trachealis muscle predominately oriented longitudinally; Large veins
within the tracheal wall supported by elastic fibers; Goblet cells and pseudostratified
epithelium lining the duct system of bronchial glands of the segmental bronchi; Lamia
propria of the segmental bronchus heavily invested with elastic fibers clustered into dense
longitudinal bundles; and Capillaries and venules covered with squamous epithelium
protruding into bronchiolar lumina. Common features include: Cartilage support of the
bronchial tree extending distally into respiratory bronchioles; Smooth muscle
enhancements in the distal airways producing sphincter like formations; and Lungs
extensively supported with interstitial tissue, which divide lungs into lobules.

Introduction:
The first significant article recording phocid (harbor seal) lung histology was
published by Belanger in 1940 in which he also recorded observations on other marine
mammal species. At this time, Scholander (1940) theorized that seal alveoli collapse
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during deep diving as a result of thorax compression, suggesting that the air from the
alveoli escapes into the sturdier airways. This collapse decreases contact between air and
the capillary bed thus retarding nitrogen absorption and preventing nitrogen narcosis.
This hypothesis prompted investigations in pinnipeds which demonstrated that alveolar
collapse indeed occurs during dives (Kooyman et al., 1970; Denison et al., 1971).
Denison and Kooyman (1973), noted major differences in the conducting zone of the
lungs of true seals (phocids) and sea lions (otariids) and correlated lung morphology with
diving behavior. They demonstrated an extensive cartilaginous support extending to the
alveolar sac in otariids, whereas phocids had a decreased cartilaginous support with a
stronger smooth muscle component. Denison and coworkers (1971) predicted that in
otariids cartilage plays a passive support role whereas the smooth muscle enhancements
in phocids function as an active support mechanism for the air passages. Kooyman and
Sinnett (1979) suggested that stronger cartilage support of the terminal airway in the sea
lion was more suited for rapid tidal ventilation, as opposed to the true seals with lesser
support. It was also noted at 31 ATA (atmospheres absolute) pressure that the diameter
of bronchi and bronchioles does not change significantly (Kooyman et al., 1970),
whereas the trachea undergoes partial collapse. Conversely, there is alveolar collapse by
only 4 ATA. Myo-elastic sphincters (valves) and/or muscular enhancements (increased
amount of smooth muscle) in the terminal airways of phocid seals have been reported and
various authors have speculated on function (Belanger, 1940; Pizey, 1954; King and
Harrison, 1961; Harrison and Tomlinson, 1963; Denison et al., 1971; Simpson and
Gardner, 1972; Kooyman, 1973; Denison and Kooyman 1973; Boshier, 1974; Boshier
and Hill, 1974; Boyd, 1975; Welsch and Drescher, 1982; Drabek and Kooyman, 1984).
108

Belanger (1940) reported the location of these sphincters at the respiratory bronchiolealveolar duct junction. Other authors were less precise about the location of sphincters,
listing in general terms distal airways as the site (Pizey, 1954; King and Harrison, 1961;
Welsch and Drescher, 1982). References on seal microscopic lung anatomy sometimes
contain contradictory information on various topics such as the presence of cartilage
within the bronchiolar walls of Weddell seals (Boshier and Hill, 1974; Boyd, 1975).
Hence, this study was undertaken to clarify and describe the general microscopic
morphology of the seal lung by a detailed assessment of the ringed seal, Phoca hispida,
lung.

Materials and methods:
Ringed seal lung tissue was obtained from Eskimo subsistence hunters, Barrow,
Alaska. After excision, the lungs were filled with 10% neutral buffered formalin (NBF)
until the trachea remained full. The trachea was ligated and the lungs submerged in 10%
NBF. Twenty-four hours later, tissue samples were taken from all lung lobes and placed
in 10% NBF. After shipment to The University of Tennessee, Knoxville, the samples
were trimmed, embedded in paraffin and sectioned with a microtome. Random sections
throughout the blocks were stained with Hematoxylin & Eosin, Acid Orcein Giemsa,
Masson’s Trichrome, Periodic acid-Schiff or Alcian blue stain. Serial sections of airways
were collected for three-dimensional reconstruction. Images of relevant structures were
taken for documentation. Measurements of airways were made using a calibrated ocular
micrometer and BioQuant image analysis software.
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Results:
Trachea
The trachea of the ringed seal is ellipsoid to round on transverse section. The
lamina epithelialis mucosae is pseudostratified columnar epithelium with cilia and goblet
cells. The lamina propria is comprised of dense collagenous connective tissue with
multiple cellular elements (fibroblasts, lymphocytes, macrophages) and numerous
capillaries intertwine between the collagen fibers. Numerous longitudinally oriented
elastic fibers are found among the collagenous tissue network of the lamina propria. A
lamina muscularis mucosae is absent in the trachea. The tela submucosa is comprised of
loose collagenous tissue with fewer cellular elements. It is thicker in the ventral and
lateral aspects of the trachea. A network of large veins lies within the tela submucosa and
are more prominent in the ventral aspect of the trachea. The dorsal aspect is generally
devoid of these large vessels. The endothelium of the veins rests on a thin tunica media
containing elastic fibers. Scattered clusters of serous tracheal glands with occasional
mucous cellular elements are located predominantly in the ventral and lateral aspects of
the trachea within the submucosa. These glands are located peripheral to the large veins
of the submucosa and are seldom present in the dorsal aspect of the trachea. Circularly
arranged elastic fibers found in the tela submucosa are thinner and less dense than those
of the lamina propria. The loose collagenous connective tissue of the submucosa blends
with the perichondrium of the tracheal cartilages. The tunica fibromusculocartilaginea is
comprised of cartilage and smooth muscle. The cartilages are incomplete rings of hyaline
cartilage, are open dorsally, and their free ends overlap. The thick perichondrium of the
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cartilages has numerous elastic fibers paralleling it. Dorsally, where the cartilage ends
overlap, the smooth muscle fibers are oriented primarily in a longitudinal direction,
however, transverse bundles are observed. The more peripherally located longitudinal
smooth muscle bundles are more prominent than the transverse bundles. These bundles
are interconnected by loose collagenous connective tissue. The perimeter of the muscular
bundles are strengthened by longitudinal bands of elastic fibers. The tunica adventitia is
comprised of loose collagenous connective tissue.

Principal bronchus
The principal bronchus is oval to ellipsoid in transverse section. The lamina
epithelialis mucosae is pseudostratified columnar epithelium with cilia and goblet cells.
The lamina propria is comprised of dense collagenous connective tissue containing many
small capillaries. A thick network of evenly distributed longitudinal elastic fibers is
intertwined in the collagenous tissue of the lamina propria. A lamina muscularis mucosae
is absent in the principal bronchus. The tela submucosa is comprised of collagenous
connective tissue which is less dense and has fewer cellular elements than the lamina
propria. Collections of elastic fibers are present but are less dense and spaced farther
apart than those in the trachea. Clusters of bronchial glands are scattered predominantly
in the ventral and lateral aspect of the principal bronchus. These glands are serous with a
few scattered mucous cells. Large veins are present in the ventral aspect of the principal
bronchus. The tunica fibromusculocartilaginea is comprised of cartilage and smooth
muscle. Bronchial cartilage is comprised of flat or curved plates interconnected by a
dense collagenous perichondrium with some elastic fibers at its perimeter. Adjacent
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cartilage plates often overlap. On the dorsal aspect, the free ends of the cartilage plates
overlap and are overlaid with a transverse band of smooth muscle. Nerve bundles can be
seen peripheral to the cartilage layer. The tunica adventitia is comprised of loose
collagenous connective tissue.

Lobar bronchus
The lamina epithelialis mucosae is pseudostratified columnar epithelium with
cilia and goblet cells. The lamina propria is composed of dense collagenous tissue
intertwined with numerous capillaries and longitudinally positioned elastic fibers. The
lamina muscularis mucosae has circularly arranged smooth muscle fibers that underlie
the lamina propria. On the dorsal aspect, they pass from the lamina muscularis mucosa,
through the tela submucosa, in the gap between cartilage plates and attach to the outer
surface of these plates. These fibers are continuous with remnants of the muscular
portion of the tunica fibromusculocartilaginea of the principal bronchus. These smooth
muscle bundles become thinner and less prominent as they attach to the perichondrium.
An encircling layer of longitudinal elastic fibers parallels the perimeter of this muscle.
The tela submucosa is thin. Bronchial glands are located throughout the submucosa and
are also present peripheral to the cartilage plates adjacent to the lung tissue in the
peribronchial connective tissue. The tunica fibromusculocartilaginea is comprised of
curved cartilage plates with a thick perichondrium. The perichondrium of adjacent
cartilage plates do not fuse with one another and are separated with loose connective
tissue. Nerve bundles can be seen peripheral to the cartilage layer. The tunica adventitia
is comprised of loose collagenous connective tissue.
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Segmental bronchus
The lamina epithelialis of segmental bronchi is pseudostratified columnar
epithelium with cilia and goblet calls (Figs. 1, 2, 3, 4, figures are placed in the appendix).
The lamina propria is thin and contains densely arranged collagenous fibers and small
capillaries. The propria is supported by longitudinally oriented elastic fibers that are both
diffuse and clustered into dense bundles (Fig. 3). The lamina muscularis mucosae is
comprised of smooth muscle fibers oriented circularly (Figs. 2, 3). The tela submucosa is
thin and contains serous bronchial glands (Fig. 2). When cartilage is present, the glands
are located peripheral to the cartilage in the peribronchial interstitial tissue. The ducts of
bronchial glands of the larger segmental bronchi are lined with pseudostratified columnar
epithelium with cilia and goblet cells (Fig. 2). Goblet cells are found deep within this
duct system, even peripheral to the lamina muscularis mucosae (Fig. 2). Cartilage plates
and rings usually surround the majority of segmental bronchi. Nerve bundles can be seen
peripheral to the cartilage layer. The tunica adventitia is comprised of loose collagenous
connective tissue surrounded by the lung parenchyma.

Bronchiole
The lamina epithelialis of bronchioles is predominantly columnar respiratory
epithelium devoid of cilia and goblet cells (Figs. 5, 6). Proximally the cells of the
bronchioles are tall columnar (Figs. 4, 5, 6), whereas distally they become pyramidal to
cuboidal. Bronchioles have large venules protruding into their lumina and the epithelium
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covering the venules is markedly flattened (Fig. 5). The lamina propria is comprised of
collagenous connective tissue with randomly oriented elastic fibers. Smooth muscle
fibers of the lamina muscularis mucosae are circular to oblique and lie adjacent to the
cartilage plates (Fig. 6). A tela submucosa is not present (Fig. 6). The cartilage support is
prominent proximally in the bronchioles and is comprised of two to three cartilage plates
encompassing the majority of the bronchiolar perimeter (Fig. 6). The distal part of the
bronchiolar system (terminal bronchiole) has a decreased amount of cartilage, which
appears as individual plates. Glands are not present in the bronchioles (Figs. 5, 6).
Perichondrium merges with the tunica adventitia. In the segments lacking cartilage, the
tunica adventitia overlies the lamina muscularis mucosae. Infrequently, the adventitia
contains lymph nodules. The average diameter of bronchioles is 190 µm ± 42 µm, with a
range of 92 - 306 µm.

Respiratory bronchiole
The lamina epithelialis is cuboidal to simple squamous epithelium devoid of cilia.
Supporting the epithelial cells is a meshwork of collagenous connective tissue with
elastic fibers forming a thin and indistinct lamina propria (Figs. 7, 8, 9). The elastic fibers
are predominantly positioned longitudinally (Fig. 10). The smooth muscle fibers of the
lamina muscularis mucosae are arranged oblique to circular. Alveoli are found as
outpouchings along the length of the respiratory bronchiole (Fig. 9). Alveolar ducts exit
the perimeter of the respiratory bronchiole along its length. At the junction between the
respiratory bronchiole and the alveolar duct, the smooth muscle of the lamina muscularis
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increases in thickness 3 times and elastic fibers intertwine the muscle creating myoelastic sphincter like formations (Figs. 8, 9, 10). The respiratory bronchiole terminates
distally as an alveolar duct but no sphincters are present at this location. Large venules
protruding into the lumen of the respiratory bronchioles are covered with flattened
epithelium. Individual cartilage segments are found in the respiratory bronchiole (Fig. 7).
Occasionally, cartilage is present at the opening of the alveolar duct. Respiratory
bronchioles have an average diameter of 132 µm ± 34 µm with a range of 61 – 214 µm.

Alveolar duct
Alveolar ducts continue respiratory bronchioles distally. However, numerous
alveolar ducts emerge from the periphery of the respiratory bronchiole (Fig. 8). The tips
of the alveolar septa form knobs that mark the openings into the alveoli. These knobs
contain fibroblasts, smooth muscle cells and elastic fibers and are covered with squamous
epithelium. Frequently these knobs have small capillaries embedded in them.

Alveolar sac and alveoli
The alveolar sac dispatches multiple alveoli. The knobs of the alveolar septa
contain fibroblasts, collagen fibers and a few elastic fibers. The alveoli are sacculated and
comprised of cuboidal and squamous cells (Figs. 6, 9, 10). A thin meshwork of elastic
fibers supports the alveolar walls in which an extensive capillary bed is located (Figs. 6,
9, 10). An occasional macrophage is present within the lumen of alveoli. Alveoli have an
average diameter of 80 µm ± 14 µm, with a range of 61 - 102 µm.
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Pleura pulmonalis
The simple squamous epithelium of the pulmonary pleura is supported by a thick
layer of elastic fibers. Subpleural tissue is thick and is comprised of an elastic fiber layer
and loose collagenous connective tissue with few cellular elements (Fig. 11). From the
subpleural connective tissue, thick septa penetrate deep into the lung parenchyma, hence
subdividing the lung lobes into lobules. Larger veins, arteries, lymph vessels and
segmental bronchi are found within these connective tissue septa (Fig. 11).
The lung lobules contain bronchioles, respiratory bronchioles, alveolar ducts and
sacs and alveoli, in addition to smaller veins, arteries and capillaries.

Discussion:
There are several reports on the microscopic lung anatomy of the Weddell seal
(Boshier, 1974; Boshier and Hill, 1974; Boyd, 1975; Welsch and Drescher, 1982). Other
pinniped species have been studied with emphasis on the terminal airways (Belanger,
1940; King and Harrison, 1961; Harrison and Tomlinson, 1963; Denison et al., 1971;
Simpson and Gardner, 1972; Denison and Kooyman, 1973; Kooyman, 1973; Welsch and
Drescher, 1982; Drabek and Kooyman, 1984). In this study, the bronchial tree of the
ringed seal exhibits the most unique features. The majority of fibers of the trachealis
muscle in the ringed seal are oriented longitudinally as opposed to the transverse
orientation in the dog and other domestic species (Dellmann and Brown, 1981). Boyd
(1975) observed transverse smooth muscle fibers in the dorsal aspect of the trachea of the
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Weddell seal. The large tracheal veins are likely an adaptation to warm the inspired
arctic air.
Segmental bronchi of the ringed seal exhibit an unusually strong elastic support
within the lamina propria with elastic fibers forming dense longitudinal bundles (Fig. 3).
These bundles of elastic fibers are not seen in the dog (Fig. 12) nor reported in other
species.

Macklin (1922) observed bundles of elastic fibers in the large bronchi of

domestic mammals but only sparse fibers in the smaller bronchi. This is perhaps related
to the increased need for bronchial distensibility as a consequence of lung collapse and
influx of air from the respiratory portion of the lung during deep dives. The duct system
of the bronchial glands lined with goblet cells and pseudostratified columnar epithelium
is an unusual finding with unknown functional implications. The predominantly serous
acini and absence of goblet cells in the bronchioles of the ringed seal supports the
conclusions of Welsch and Schumacher (1988). They stated that deep diving seals
(Weddell) produce less mucin, hence a decrease in the quantity of tenacious mucous will
interfere less with reopening of the airways.
In the ringed seal, the proximal part of the bronchiole has a strong cartilaginous
support, with the majority of the bronchiolar lumen often encircled with cartilage (Fig. 6).
Cartilage plates are observed as far distally as the respiratory bronchioles (Fig 7).
Typically, the proximal bronchial tree of marine mammals has a strong cartilaginous
support (Harrison and Tomlinson, 1963; Denison et al., 1971; Simpson and Gardner,
1972; Kooyman, 1973; Denison and Kooyman, 1973; Boshier, 1974; Kooyman and
Sinnett, 1979; King, 1983; Drabek and Kooyman, 1984).

However, in dolphins

(Kooyman and Sinnett, 1979) and sea lions (Denison and Kooyman, 1973) cartilaginous
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rings are observed distally to the opening of the alveolar sac which is more distal than
that of the ringed seal. Cartilage support decreases distally in the bronchial tree of
terrestrial mammals but is absent in bronchioles (Dellmann and Brown, 1981; Banks,
1993). Denison and Kooyman's (1973) generalization that phocids (nine species assessed)
have no cartilage in the bronchioles and respiratory bronchioles contradicts our findings.
Denison and Kooyman (1973) and Drabek and Kooyman (1984) reported that cartilage
and muscle support of terminal airways in pinnipeds appear in late fetal development and
continue to develop neonatally before the animal begins to dive. Conversely, in the
porpoise, this support is fully developed by birth thus facilitating diving immediately
following parturition (Drabek and Kooyman, 1983).
Discrete thickenings of circular bands of smooth muscle fibers with a meshwork
of elastic fibers were observed as an alveolar duct emerges from the respiratory
bronchiole. However, no sphincters were identified at the termination of the respiratory
bronchiole as the last alveolar duct continues the respiratory bronchiole distally.
Muscular enhancements have been reported in the terminal airways of seals by many
authors (Belanger, 1940; Pizey, 1954; King and Harrison, 1961; Harrison and Tomlinson,
1963; Denison et al., 1971; Simpson and Gardner, 1972; Kooyman, 1973; Denison and
Kooyman, 1973; Boshier, 1974; Boshier and Hill 1974; Boyd, 1975; Welsch and
Drescher, 1982; Drabek and Kooyman, 1984). Of these (Pizey, 1954; King and Harrison,
1961; Harrison and Tomlinson, 1963; Boshier, 1974; Boshier and Hill, 1974; Welsch and
Drescher, 1982) reported in general terms, a location for the sphincters which extended
along the length of the terminal airways in Weddell, gray, elephant, harbor and Hawaiian
monk seals, which is close to our findings. However, only Belanger (1940) precisely
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located the sphincters in the harbor seal at the respiratory bronchiolar/alveolar junction as
in the ringed seal. Distinct myo-elastic sphincters have been identified in the terminal
airways of smaller cetacea (Wislocki, 1929; Wislocki, 1942; Ito et al., 1967; Fanning and
Harrison, 1974). However, large whales lack these myo-elastic formations in their
terminal airways (Belanger, 1940; Wislocki and Belanger, 1940; Goudappel and Slijeper,
1958; Simpson and Gardner, 1972). Instead, they have increased smooth muscle content
in the alveolar knobs of the alveolar sacs (Wislocki and Belanger, 1940).
Some authors (Denison et al., 1971; Drabek and Kooyman, 1983; Boshier, 1974;
Boshier and Hill, 1974; Boyd, 1975) discussed functional implications of smooth muscle
enhancements in seal terminal airways. Drabek and Kooyman (1983) stated that the
sphincters in the terminal airways of Delphinidae may trap air in alveoli while diving.
Denison and coworkers (1971) postulated that smooth muscle may provide an active
support mechanism for the bronchial tree. Scholander’s (1940) hypothesis, alveolar air
compressed into the tracheobronchial tree, and Kooyman’s (1970) demonstration of
partial tracheal collapse, may suggest that during diving sphincters prevent the air
initially forced from the alveoli into the rigid airways from refluxing back into the alveoli
as the trachea collapses, therefore possibly inhibiting nitrogen narcosis. It is not yet
determined whether the bronchial tree also collapses on dives deeper than 300 m which
could alter air flow.
The epithelium of the bronchioles in the ringed seal is non-ciliated columnar,
changing to cuboidal distally. Welsch and Drescher (1982) identified Clara (non-ciliated
secretory) cells in Weddell seal bronchioles. The presence of these cells is likely in
ringed seal bronchioles and further studies using electron microcopy would probably
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provide a definite answer. One striking feature found in the bronchioles was enlarged
venules protruding into the bronchiolar lumen. Here, the respiratory epithelium has a
markedly flattened appearance. The purpose of these venules is unknown, though one
should not exclude possible implications during diving. Welsch and Drescher (1982)
mentioned protruding blood vessels into bronchiolar lumen in the Weddell seal, but gave
no thoughts on the subject.
When examined with H&E preparation, the squamous and cuboidal cells lining
the ringed seal alveoli appear structurally similar to the type 1 and 2 pneumocytes
described in most mammals.
The ringed seal has thick pleura and thick subpleural interstitial tissue which
dispatches septa deep into lung parenchyma, while the dog's interstitial tissue is scant
(McLaughlin et al., 1961; Dellmann and Brown, 1981).

Relatively thick and well-

defined connective tissue septa, which divide seal lungs into distinct lobules, were also
documented in the Weddell seal (Simpson and Gardner, 1972; Boshier and Hill, 1974;
Welsch and Drescher, 1982). Thick pleura was reported in the harbor and Weddell seals
(Belanger, 1940; Welsch and Drescher, 1982) and a thick layer of sub-pleural elastic
fibers in the harbor seal (Belanger, 1940).
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Figure 1. Segmental bronchus 1. Pseudostratified columnar epithelium with goblet cells
(PCEG). X 40. Mason‘s Trichrome (MT) stain. Bar 12 µ.

Figure 2. Bronchial gland of segmental bronchus. Duct system goblet calls (arrows) and
serous gland acini (arrow head). X 20. Periodic acid-Schiff (PAS) stain. Bar 23 µ.
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Figure 3. Segmental bronchus 2. Elastic fibers bundle (arrow). X 40. Acid Orcein
Giemsa (AOG) stain. Bar 12 µ.

Figure 4. Bronchial-bronchiolar junction. Transition of PCEG (arrow) into columnar
epithelium (arrow head). X 40. MT stain. Bar 12 µ.
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Figure 5. Bronchiole. Large venules (arrows), covered by flattened epithelium (arrow
heads). X 40. MT stain. Bar 12 µ.

Figure 6. Bronchiole (proximal). Cartilage (C). X 20. MT stain. Bar 23 µ.
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Figure 7. Lung airway. Cartilage with respiratory portion. Cartilage (arrow). X 10. HE
stain. Bar 47 µ.

Figure 8. Respiratory bronchiole (RB) alveolar duct (AD) junction. Circular smooth
muscle (arrows). Alveolar sac (AS). X10. HE stain. Bar 47 µ.
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Figure 9. Serial section of figure 8 (a). Red stained smooth muscle fibers (arrows).
Alveolar duct (AD). Respiratory bronchiole (RB). Alveolus (arrow head) X 20. MT stain.
Bar 23 µ.

Figure 10. Serial section of figure 8 (b). Two smooth muscle knobs (arrows) at the
opening of the alveolar duct (AD). X 20. AOG stain. Bar 23 µ.
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Figure 11. Lung, pleura. Subpleural interstitial tissue (arrow head) and septa (arrows). X
10. MT stain. Bar 47 µ.

Figure 12. Segmental bronchus (dog). Elastic fibers (arrows). X 40. AOG stain. Bar 12
µ.
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PART VIII
CORRELATION OF COMPUTED TOMOGRAPHIC IMAGES WITH
ANATOMICAL FEATURES OF THE ABDOMEN OF THE RINGED SEAL
(PHOCA HISPIDA)
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This part is a lightly revised version of a paper by the same name submitted to the
American Journal of Veterinary Research in 2003 by Hrvoje Smodlaka, Robert B. Reed,
Robert W. Henry.
My primary contributions to this paper include: (1) most of the writing (2) labeling of the
CT images and plastinated slices (3) performing the literature search and gathering of the
literature (4) interpretation of results.
Abstract:
The objective of this study was to correlate anatomic features of the abdomen of
the ringed seal (Phoca hispida) identified in plastinated cross-sections with images
obtained via computed tomography (CT) and thereby establish reference standards for
normal abdominal organ size and position in this species. Two adult male ringed seals
were used for the purpose of this study. With the seal in sternal recumbency, CT images
of the abdomen were acquired by use of a 4th-generation CT scanner. Image slice
thickness was 1 cm, with no interslice gap. After imaging, the abdominal region was
sectioned transversely into 4 cm slices, which were plastinated and photographed.
Plastinated slices were matched to their corresponding CT images in preparation for
anatomic descriptions. Relevant anatomic features were identified and labeled on both the
plastinated tissue slice and the corresponding CT image. Normal abdominal organ size
and position were assessed and topographical relationships among organs ascertained.
The data obtained provide some reference standards for normal abdominal organ
size and position in ringed seals. This information may aid future physiologic and clinical
studies in this species.
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Introduction:
The introduction of computed tomography (CT) initiated a new era in the
diagnosis of human and animal diseases. Since the introduction of CT over 20 years ago,
CT scans have become the standard of care in both human and veterinary medical
diagnostic imaging. To benefit from the use of CT, images for individual species need to
be recorded and correlated with what is known about their normal anatomic features
(Samii et al., 1998; Smallwood and George, 1992; Smallwood and George, 1993). Data
such as these establish reference standards for normal organ size, position, and
topographic interaction between organs of various species as viewed in cross section.
Seals have attracted considerable attention from scientists in the last half of the twentieth
century because of their physiologic adaptations related to deep diving. Special interest
has also focused on abdominal physiology, in particular the functional interdependence
between the spleen and the hepatic sinus (Ponganis, 1992; Thornton, 2001).
To the authors’ knowledge, there has been only 1 study to investigate the normal
anatomic features of seals via CT; Endo et al., (1999) attempted to correlate CT images
of the head with prominent orbital enlargement in Baikal seals. Other investigators have
used CT exclusively in physiologic studies of seals (Nordoy and Blix, 1985; Ponganis,
1992). The purpose of the study reported here was to correlate anatomic features of the
abdomen of the ringed seal (Phoca hispida) identified in plastinated cross-sections with
images obtained via computed tomography (CT) and thereby establish reference
standards for normal abdominal organ size and position in this species.
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Materials and Methods:
Two adult male ringed seals were collected by subsistence Eskimo hunters near
Point Barrow, Alaska and were frozen for transport. Specimens were collected,
transported, and studied under permits (519 and 839) issued by the National Marine
Fisheries Service. The first seal (weight, 63.6 kg) was thawed; with the seal in sternal
recumbency, the thorax, and abdominal cavity were imaged by use of a 4th-generation
CT scanner.1 Sequential transverse images of the body were acquired with 10-mm
collimation and 10-mm table movements from the level of T9 through L5 vertebrae (Fig.
1, figures are placed in the appendix). Images were formatted in a variety of levels to
accentuate both the lungs and other soft tissue structures in the thorax and abdomen.
Scans were obtained with window settings of: 400, level +8, 130 kV, and 125 mA by use
of a standard reconstruction algorithm with an appropriate field of view. A second adult
male seal (weight, 73.6 kg) was scanned2 in dorsal recumbency with the ventral portion
of the abdominal wall removed to identify the position of the kidneys.
Subsequent to CT imaging, abdominal vessels were injected with latex and the
first seal was refrozen. Transverse tissue slices (4 cm thick) were cut from the frozen
abdominal and pelvic regions. Slices were separated by grids and submerged in 10%
neutral buffered formalin for 1 week. Formalin was rinsed from the tissue slices with
running tap water; the tissue slices were then dehydrated in cold acetone prior to
plastination.
1
2

GE 9800, GE Medical Systems, Milwaukee, Wis.

Picker Premier IQ xtra, Picker International, Norcross, Ga.
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The slices were plastinated by use of a standard cold-temperature silicone
plastination technique (von Hagens, 1985; von Hagens et al., 1987; Henry and Nel, 1993;
Weiglein and Henry, 1993). After plastination, some of these slices were cut again to
produce sections that more closely correlated with the CT scans. The plastinated slices
were photographed and labeled to enable accurate identification of anatomic structures on
the CT scans.
Generally, the terminology applied corresponds with that of the Nomina
Anatomica Veterinaria (1994). However, some terminology specific for seals (as used in
other scientific publications) was also applied.

Results:
The ringed seal has a thick layer of subcutaneous fatty tissue (panniculus
adiposus) that encompassed the trunk of the animal (Fig 2). The cranial most extent of the
abdominal cavity was at the level of the ninth thoracic vertebra; there were fifteen
thoracic vertebrae and thus the bulging diaphragmatic cupula was deep in the thoracic
cage. The vertebral formula of the seal is C7, T15, L5, S4, and Cd (variable). The cupula
of the diaphragm was predominantly occupied by the liver.
The liver extended caudally to the level of the last thoracic vertebral body. The
gall bladder was located on the right side of the liver, at the level of the T12 vertebra
(Fig. 3). Major portions of the hepatic veins were also visible at this level. Caudal lung
lobes were distinctly visible, with the left caudal lobe being more prominent, at the level
of the T12 vertebra (Fig. 3).
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Within the thorax, the esophagus was located just to the left of the midline on the
ventrolateral aspect of the bodies of the first 12 thoracic vertebrae; it merged with the
cardia of the stomach at the level of the T12 vertebra (Fig. 3). At this level, the cardiac
region of the stomach was visible. The pyloric part of the stomach together with
duodenum was visible at the level of the T13 vertebra. The descending duodenum
extended caudally on the dorsolateral surface of the pyloric portion of the stomach and
was visible in the space between the stomach and the right liver lobes. The stomach was
U-shaped; the caudal extent of the major curvature of the ingesta-filled stomach was at
the first lumbar vertebra (Fig. 3). The spleen followed the major curvature of the stomach
and was located predominantly on the left side of the seal in the region of T14 through L1
vertebrae. The interface between the liver and spleen was clearly delineated; the spleen
had a lower tissue density and was interposed between the liver and the major curvature
of the stomach (Fig. 3). The pancreas was identified just medial to the dorsal border of
the spleen and extended caudally on the surface of the cardia of the stomach. The kidneys
were located in the groove between the psoas muscles medially and the abdominal and
epaxial muscles dorsolaterally (Fig. 4). The kidneys had a mottled appearance and extend
from the second to fifth lumbar vertebrae (Fig. 5). The right kidney was located slightly
more cranial than the left kidney.
The caudal vena cava was bifid from its bilateral origin at the pelvic venous
plexus. These components coalesced at the level of the vertebral body of L3 and
continued cranially as an unpaired vessel. The abdominal aorta was positioned on the
midline, along the ventral aspect of the bodies of the thoracic and lumbar vertebrae (Figs.
3 and 4). Cranially, the aorta was cradled by the crura of the diaphragm and in the caudal
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part of the abdomen by the psoas muscles. The venous plexus associated with the
abdominal wall was visible in the most caudal part of the abdomen, at the level of the L5
vertebra in the dorsolateral quadrant along the abdominal wall (Fig. 4).
The spinal cord was visualized just dorsal to the vertebral bodies in the vertebral
canal. It was delineated as an organ of lesser density with respect to the spacious
extradural venous sinus that occupied most of the vertebral canal (Fig. 4).

Discussion:
In the study of this report, the plastination of transverse tissue slices of the
abdomen was an invaluable tool for interpretation of abdominal CT images of the ringed
seal. The distinction of individual organs and their anatomic relationships in the
plastinated slices were remarkably useful when viewing the corresponding CT images.
Because the transverse cuts which produced the plastinated slices after CT imaging were
not always congruent with the CT images, minor disparities between the scans and
plastinated slices were detected. An additional contributing factor to this disparity was
the tendency of tissue to shrink slightly during the plastination process. Nevertheless,
structures were easily identified by comparing the plastinated tissue slices to the
corresponding image slices of the CT scan. The photographs of the tissue slices allowed a
viewer to track and identify various images on the CT scans. Postmortem changes
enhanced kidney visualization on the scans. The kidneys had a mottled appearance in the
scans, which was most likely attributable to the presence of air introduced into the renal
venous plexus during manual flushing of the venous system. A CT image of the kidney in
a living seal may be difficult to define as renal tissue will isoattenuate with surrounding
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tissue. It is also important to note that when using these data as a reference tool in the
evaluation of live seals, the position of the lungs and organs in the cranial portion of the
abdomen will vary depending on the degree of inflation of the lungs.
Anatomically, the ringed seal had a few particular features that captivated our
attention, notably the structure of the kidneys, stomach, and the exaggerated size of
hepatic veins. Kidneys are comprised of many closely adherent reniculi, which are
independent functional units that share a common venous drainage (Munkacsi and
Newstead, 1985). The venous drainage of kidneys of seals (Harrison and Tomlinson,
1956; Barnett et al., 1958; Munkacsi and Newstead, 1985) is such that inter-renicular
veins exit the margins of the renicules and form a peripheral venous plexus. This plexus
drains into the ipsilateral limb of the caudal vena cava and therefore, there is no single
renal vein exiting the hilus (Munkacsi and Newstead, 1985). Our investigation revealed
that the stomach had a unique U-shaped conformation. In a report by Estman and
Coalson (1974) seals are described as having a bent stomach in which the pyloric portion
is bent cranially along the body. Our observations corresponded with this finding. An
enlarged hepatic sinus has been reported in seals (Harrison and Tomlinson, 1956; Barnett
et al., 1958) and also has been the focus of physiologic studies (Ponganis, 1992;
Thornton, 2001). The ability to identify the hepatic veins on the CT images of the liver
was dependent on the presence of air within the vessels, which was a postmortem effect
in the study of this report.
However, use of contrast medium in live seals could yield similar images. The
size of epaxial muscles was also remarkable; compared with terrestrial mammals in
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which these muscles assume a more static role, the enhanced development of the epaxial
muscles in seals is probably a consequence of their more extensive use in swimming.
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Figure 1. Computed tomographic (CT)-generated dorsoventral radiograph. View of the
caudal portion of the thorax and complete abdomen of a ringed seal (Phoca hispida) used
to plan the CT acquisitions. The lettered lines indicate the scan sites. Last thoracic
vertebra (15).

Figure 2. Complete view of a transverse CT scan of a ringed seal. CT scan acquired at
level A in Figure 1. Under the skin (arrow), notice the thick layer of subcutaneous fatty
tissue (f) that encompasses the trunk of the animal. The dorsal aspect of the seal is at the
top and the right side of the seal is to the left side of the image. Bar 5 cm.
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Figure 3. Transverse CT scans 1. Left column (CT scans) aligned with a corresponding
plastinated tissue slice (right column) obtained from the abdominal region of a ringed
seal. Panels A, B, C and D correspond to the level of scan or slice indicated in Figure 1.
Scans were obtained with settings of window: 400, level +8, 130 kV, and 125 mA by use
of a standard reconstruction algorithm with a field of view of 40 cm. In all panels, the
dorsal aspect of the seal is at the top and the right side of the seal is to the left specimen
of the image. Subcutaneous fat tissue (sf), Right caudal lung lobe (rc), Thoracic vertebra
(t). Esophagus (e), Liver (l), Aorta (a), Left caudal lung lobe (lc), Sternum (s), Heart (h),
Gall bladder (g), Hepatic veins (hv), Duodenum, (d), Pancreas (pa), Pylorus (pl), Cardia
(ca), Spleen (p), Small intestine (si), Stomach body (sb), Caudal vena cava (cc). Bar 5
cm.
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Figure 4. Transverse CT scans 2. Left column (CT scans) aligned with a corresponding
plastinated tissue slice (right column) obtained from the abdominal region of a ringed
seal. Panels E, F, G and H correspond to the level of scan or slice indicated in Figure 1.
Scans were obtained with the same settings used in Figure 3. In all panels, the dorsal
aspect of the seal is at the top and the right side of the seal is to the left specimen of the
image. Lumbar vertebra (l), Aorta (a), Small intestine (si), Right kidney (rk), Caudal vena
cava (cc), Left kidney (lk), Extradural venous sinus (v), Spinal cord (sk), Longissimus
lumborum system (ls), Intestine (i), Abdominal wall venous plexus (ap), Psoas muscles
(p), Right and left limbs of the caudal vena cava (cl). Bar 5 cm.
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Figure 5. Computed tomographic-generated ventrodorsal radiographic view of the
abdomen of a ringed seal. Radiograph illustrates the location and irregular surface of each
kidney. The abdominal wall was removed prior to picture acquisition. Image was
acquired with settings of window: 400, level +8, 130 kVp and 125 mA by use of a
standard reconstruction algorithm with a field of view of 30 cm. First lumbar vertebra (1),
Right kidney (rk), Left kidney (lk).
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PART IX
CONCLUSION
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Major adaptations in the ringed seal cardiovascular system are similar to the
features described earlier in literature, notably the presence of three major blood vessels
emerging from the aortic arch (brachiocephalic trunk, left common carotid and left
subclavian artery). The ascending aorta expands into a prominent and spacious aortic
bulb occupying most of the right cranial mediastinal space. The caudal vena cava is
surrounded by a caval sphincter comprised of striated muscle of the diaphragm as it
passes through the caval foramen. In addition, it bulges into a spacious hepatic sinus
within the abdominal cavity and caudal to the hepatic sinus it becomes bifid. The ringed
seal has both right and left azygos veins that join into a common trunk which empties into
the cranial vena cava. These veins extensively communicate through anastomoses and the
substance of the right azygos vein is perforated by dorsal intercostal arteries. The
pericardial venous plexus is a circular venous loop encircling the apex of the heart before
emptying into the caudal vena cava.
The macroscopic properties of the ringed seal heart correspond to the descriptions
in other seal species. Conspicuous dorsoventral flattening of the heart is the prominent
feature. The heart is horizontal and lies parallel to the sternum, with the ventricles (left
and right) positioned respectively. The auricular face of the heart lies on the sternum and
the apex of the heart is comprised of both ventricles. The right ventricle is capacious,
long and has thin walls. The interventricular septum is reduced due to the dorsoventrally
flattened aspect of the heart. The left atrioventricular valve forms a curtain-like structure
with no major indentations in it, hence it is very difficult to differentiate parietal and
septal cusps.
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The lung in the ringed seal represents one of the most highly lobated lungs in
marine mammals. It is more lobated than many of the domestic mammalian species. The
left lung has cranial, middle and caudal lung lobes and the right lung has cranial, middle,
caudal and accessory lobes. Lung lobation corresponds with the lobar branching of the
bronchial tree. The left lung’s cranial and middle lobes are larger than the corresponding
lung lobes of the right lung. The right lung exhibits an impression of the aortic bulb
which is not found in terrestrial mammals. Both lungs have a shallow cardiac notch. The
trachea is moderately dorsoventrally flattened. The tracheal rings are complete or open
dorsally with overlapping free edges. The ringed seal has three tracheobronchial lymph
nodes.
Microscopic characteristics of the ringed seal lower respiratory tract resemble that
of other seal species: the presence of cartilage distal to the segmental bronchus, lobular
structure of the lung parenchyma and the existence of the sphincter-like formations
within the distal airways. However, the ringed seal’s lower respiratory tract has a few
unique features that have not been previously described in seals or in their terrestrial
mammalian counterparts. Notably, venules protruding into the bronchiolar lumen covered
by the squamous epithelium, the presence of large veins within the tracheal wall (with its
tunica media enhanced by the elastic fibers) and the descent of the goblet cells deep into
the duct system of the bronchial glands in the segmental bronchi. In addition, segmental
bronchi exhibit an unusually strong elastic fiber support.
Computed tomography (CT) images of the abdomen of the ringed seal were
successfully correlated with the gross anatomical appearance of plastinated tissue slices.
CT imaging enabled clear visualization of structures such as: U-shaped stomach, gall
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bladder, liver, spleen, pancreas, duodenum, caudal vena cava, hepatic sinus, aorta and
extradural venous sinus.
Currently, science has many explanations for the unusual anatomy of seals, with
many of these adaptations being a result of the deep diving needs of these species.
Nevertheless, some of the peculiar finds in this study raise questions about seal
physiology, e.g. the presence of blood vessels in seal bronchioles covered with squamous
epithelium, which may lead to reinterpretation of established views on seal respiration
during diving.
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